Understanding the product distribution from biomass fast pyrolysis by Patwardhan, Pushkaraj Ramchandra
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2010
Understanding the product distribution from
biomass fast pyrolysis
Pushkaraj Ramchandra Patwardhan
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Biological Engineering Commons, and the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Patwardhan, Pushkaraj Ramchandra, "Understanding the product distribution from biomass fast pyrolysis" (2010). Graduate Theses
and Dissertations. 11767.
https://lib.dr.iastate.edu/etd/11767
 1
 
Understanding the product distribution from biomass fast pyrolysis 
 
 
 
by 
 
 
 
Pushkaraj R. Patwardhan 
 
 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
 
 
 
Major: Chemical Engineering 
 
 
 
 
Program of Study Committee: 
Brent H. Shanks, Co-major Professor 
Robert C. Brown, Co-major Professor 
Rodney O. Fox 
Jacek A. Koziel 
Walter S. Trahanovsky 
 
 
 
 
 
Iowa State University 
Ames, Iowa 
2010 
Copyright © Pushkaraj R. Patwardhan, 2010. All rights reserved.
ii 
 
 
 
 
 
 
 
 
 
 
 
Dedicated to my dear Aai (Mom) and Baba (Dad)
iii 
 
Table of contents 
List of Tables iv 
List of Figures vi 
Acknowledgements viii 
Chapter 1. General introduction 1 
Chapter 2. Literature review 6 
Chapter 3. Product distribution from fast pyrolysis of glucose-based carbohydrates 22 
Chapter 4. Influence of inorganic salts on the primary pyrolysis products of cellulose 45 
Chapter 5. Product distribution from the fast pyrolysis of hemicellulose 70 
Chapter 6. Characterizing the fast pyrolysis of lignin 90 
Chapter 7. Distinguishing primary and secondary reactions of cellulose pyrolysis 112 
Chapter 8. General conclusions 123 
Appendix A. Analytical methodologies 126 
Appendix B. Effect of pretreatments on biomass fast pyrolysis 140 
iv 
 
List of Tables 
Table 1. Pyrolysis technology, corresponding process conditions and product distribution 7 
Table 2. Glucose-based carbohydrates used in the current study 26 
Table 3. Identification and calibration information of the pyrolysis products of glucose-based 
carbohydrates 29 
Table 4. Cellulose pyrolysis product distribution 30 
Table 5. Mineral ion content of the commercial and acid washed polysaccharides 31 
Table 6. Primary pyrolysis product distribution of various glucose-based carbohydrates 37 
Table 7. Composition of Switchgrass ash 52 
Table 8. Carbon balance accounted for by the identified pyrolysis products of cellulose 55 
Table 9. Minerals and overall ash content of switchgrass hemicellulose, dialyzed switchgrass 
hemicellulose and beechwood xylan 78 
Table 10. Peak identification information of the primary pyrolysis products of hemicellulose
 80 
Table 11. Primary pyrolysis product distribution resulting from hemicellulose pyrolysis at 
500°C 81 
Table 12. Effect of minerals and overall ash on the hemicellulose pyrolysis product 
distribution 85 
Table 13. Peak identification and calibration information of the primary pyrolysis products of 
lignin 98 
Table 14. Primary pyrolysis product distribution resulting from lignin pyrolysis at 500°C 99 
Table 15. Comparison of pyrolysis product distribution of cellulose obtained from micro-
pyrolyzer and fluidized bed reactor 117 
Table 16. Carbon, hydrogen and oxygen balance on cellulose pyrolysis products 118 
Table 17. Peak identification and calibration information for cellulose and hemicellulose 
pyrolysis products 130 
Table 18. Peak identification and calibration information for lignin pyrolysis products 131 
Table 19. Cellulose, hemicellulose, lignin and ash content of biomass samples 144 
Table 20. Effect of retention time and type of acid on the demineralization of switchgrass 145 
v 
 
Table 21. Effect of pretreatments on the primary pyrolysis product distribution of 
Switchgrass and Cornstover 148 
Table 22. Effect of pretreatments on the primary pyrolysis product distribution of Pine and 
Oak 150 
vi 
 
List of Figures 
Figure 1. Various models proposed for cellulose/biomass pyrolysis 10 
Figure 2. GC-FID chromatograms showing the pyrolysis products of a) glucose, b) 
cellobiose, and c) cellulose (refer to Table 3 for peak identification information) 34 
Figure 3. Mechanism proposed by Ponder et al. for levoglucosan formation from cellulose 40 
Figure 4. Effect of alkali and alkaline earth metal chlorides on the cellulose pyrolysis 
products. 54 
Figure 5. Effect of different anions on the cellulose pyrolysis products. 58 
Figure 6. Postulated mechanism of primary pyrolysis reactions of cellulose in presence and 
absence of metal ions 60 
Figure 7. Effect of switchgrass ash on cellulose pyrolysis speciation 61 
Figure 8. Effect of temperature on pyrolysis speciation of pure cellulose and cellulose doped 
with 0.5 wt% of switchgrass ash 63 
Figure 9. Chromatograms resulting from the pyrolysis of same amount of a) xylan (ash 
content 8.3 wt%) and b) dialyzed xylan (ash content 0.9 wt%) (see Table 10 for peak 
information) 79 
Figure 10. Chromatogram showing the pyrolysis products of switchgrass hemicellulose 80 
Figure 11. Difference in the pyrolysis of cellulose and hemicellulose 82 
Figure 12 Effect of pyrolysis temperature on the pyrolysis products of switchgrass 
hemicellulose 87 
Figure 13. Chromatogram (GC-FID) resulting from pyrolysis of cornstover lignin (for 
species identification corresponding to peak numbers, refer to Table 13) 97 
Figure 14. Chromatogram (GC-MS) of lignin bio-oil obtained via condensing the pyrolysis 
vapors (for species identification corresponding to peak numbers, refer to Table 13) 102 
Figure 15. Gel permeation chromatogram of lignin bio-oil obtained via condensing the 
pyrolysis vapors 102 
Figure 16. Gel permeation chromatogram of: a) the monolignol mixture of coumaryl alcohol, 
coniferyl alcohol and sinapyl alcohol (dotted line); b) bio-oil obtained from pyrolysis of the 
monolignol mixture (dashed line); c) bio-oil obtained from pyrolysis of the monolignol 
mixture in presence of acetic acid (solid line) 103 
vii 
 
Figure 17. Gel permeation chromatograph of: a) fraction of lignin bio-oil condensed on the 
wall of the effluent tube (dashed line) and b) fraction of lignin bio-oil condensed upon 
reaching the chilled methanol bath (dotted line) 105 
Figure 18. Effect of temperature on lignin pyrolysis products 106 
Figure 19. Scematic of the micro-pyrolyzer-GC-MS/FID system 126 
Figure 20. Schematic showing detailed cross-sectional view of the pyrolyzer 127 
Figure 21. CO and CO2 concentration profiles in the split stream of the GC, generated from 
the pyrolysis of hemicellulose 128 
Figure 22. Calibration curve for acetol 129 
Figure 23. Pyrolysis products of (Cellulose + 0.5% ash) sample, analyzed using GC-MS and 
GC-FID 132 
Figure 24. Modification to the GC setup to collect non-volatile fraction of the pyrolysis 
products 133 
Figure 25. CAPE analysis of hemicellulose bio-oil (red). Shown in blue is the standard 
solution 134 
Figure 26. CAPE analysis of cellulose bio-oil 135 
Figure 27. LC-MS analysis of cellulose bio-oil 136 
Figure 28. Ion Chromatographic analysis of acid hydrolyzed cellulose bio-oil with different 
reaction times 136 
Figure 29. Effect of acid washing time and type of acid used on the overall ash content of 
switchgrass. 145 
Figure 30. Effect of torrefaction on biomass composition 146 
 
viii 
 
Acknowledgements 
 
I take this opportunity to thank everyone who some or the other way was associated 
with my research work and grad school life at Iowa State. It has been the most exciting and 
enriching phase of my life.  
First, I would like to express my gratitude to my family in India for their constant 
love and support. I would also like to dedicate this work to them.  
I feel very fortunate to meet my two gurus – Prof. Brent Shanks and Prof. Robert 
Brown who have always inspired me with their research philosophy. Without their guidance 
and encouragement, this work would not have been possible. I would also like to thank Prof. 
Rodney Fox, Prof. Walter Trahanovsky and Prof. Jacek Koziel for serving as committee 
members and providing me with their useful advice.  
I also appreciate the help and support provided by my friends and colleagues, 
especially Dr. Justinus Satrio, Dr. Ann Perera, Dr. Satya Jujjuri, Dr. Dong Won Choi, Dr. 
Vinayak Gupta, Pedro Ortiz, Najeeb Kuzhiyil, Dustin Dalluge, Marge Rover and Patrick 
Johnston. 
Finally, I acknowledge the financial support received from the ConocoPhillips 
Company.   
 
1 
 
Chapter 1. General introduction 
Introduction 
Renewable transportation fuels can significantly reduce our dependence on imported 
crude oil and green house gas emissions.
1
 Growing importance of these issues has in fact 
resulted in the United States Energy Independence and Security Act (EISA) of 2007, which 
mandates production of 36 billion gallons per year of renewable transportation fuels 
(sufficient to replace 20% of the crude oil demand) by 2022. In order to meet this goal, it is 
imperative to develop cost-effective processes for converting sustainable feedstocks into 
liquid fuels.  
Biomass, being inexpensive and abundantly available , offers a logical feedstock 
choice for producing fuels.
2
 Several techniques such as thermochemical, biological and 
catalytic processes have been proposed for its conversion into hydrocarbon fuels.
3
 Amongst 
these techniques, fast pyrolysis has attracted particular interest as it can directly convert solid 
biomass into a liquid product known as ‗bio-oil‘ or ‗bio-crude‘.4-7 Many processes that 
resemble those of conventional petroleum refineries such as hydroreating, hydrocracking, 
catalytic cracking and steam reforming have been explored by researchers and industry to 
upgrade bio-oil into ‗drop-in‘ transportation fuels.8-14 A hybrid approach, wherein sugars 
present in bio-oil are fermented to obtain ethanol has also been pursued.
15
 However, an 
efficient and cost-effective strategy has yet to be established. 
Key bottleneck for developing an efficient bio-oil upgrading strategy is lack of well-
established upgrading techniques for bio-oil. Bio-oil is a complex mixture of chemicals that 
are produced as a result of many simultaneous and sequential reactions during pyrolysis. 
These chemicals are comprised of hydroxyaldehydes, hydroxyketones, carboxylic acids, 
furan/pyran ring containing compounds, phenolic compounds, anhydro sugars and 
oligomeric fragments of lignocellulosic polymers. Due to such vast chemical composition, 
utilization of bio-oil poses a significant challenge. Bio-oil is acidic due to presence of 
carboxylic acids, unstable due to presence of reactive compounds and tends to deposit solid 
residues in pipes and reactors due to presence of oligomeric fragments. Further, whole bio-oil 
cannot be upgraded using a single technique. For example, in case of steam reforming, 
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species like acetic acid, acetone and ethanol could be easily reformed to produce hydrogen, 
whereas anhydro sugars and oligomeric fragments cause severe coking of the reforming 
catalyst.
16, 17
 On the other hand, oligomeric compounds are more desirable for catalytic 
cracking or hydrocracking processes whereas others are not.
9
 It is quite evident that the 
chemical composition of bio-oil is a key factor and knowledge of how it could be controlled 
is of great interest for the feasibility of its production and cost-effective conversion to 
transportation fuels.      
Problem identification 
Fundamental understanding of the thermal decomposition behavior of biomass during 
pyrolysis is crucial to control the end-product composition. However, gaining this 
understanding is difficult due to the complexity of pyrolysis. During pyrolysis, 
lignocellulosic components of biomass undergo several reactions such as dehydration, 
depolymerization, fragmentation, rearrangement, re-polymerization, condensation and 
carbonization simultaneously. The products from these reactions undergo subsequent 
secondary cracking and condensation reactions depending upon the pyrolysis vapor residence 
time inside the reactor. All of these reactions are also severely affected by the catalytic effect 
exerted by the minerals present in biomass. As an overall result, numerous chemical 
compounds are produced with majority of them getting condensed into the liquid bio-oil. 
Along with bio-oil, pyrolysis process also produces two by-products: a solid product called 
as ‗char‘ and non-condensable gases mainly comprising of carbon dioxide, carbon monoxide, 
methane and hydrogen. The char– vapor interactions further add to the complexity of the 
process as vapors tend to condense and decompose on the char surface generating secondary 
char and other decomposition products. The whole phenomenon is exceedingly complex and 
has been traditionally avoided in the earlier studies related to biomass pyrolysis. 
A simplified version of pyrolysis reactions, where products are lumped into three 
broad categories: char (solid), bio-oil (liquid) and non-condensable gases (gas); is quite 
popular in the literature. This product classification neither provides information about the 
bio-oil composition, nor distinguishes between the primary and secondary pyrolysis products. 
Previous research efforts have focused on optimizing the bio-oil yields, reactor development, 
developing kinetic models and understanding the parametric influence on the product 
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distribution. These studies are however limited to the abovementioned pyrolysis product 
categories. With the increasing interest in utilizing bio-oil as a feedstock for producing 
transportation fuels, more descriptive pyrolysis models that can predict the yields of various 
chemical species present in bio-oil need to be developed. Further, due to the complexity of 
the problem and the absence of well-established analytical techniques for analyzing bio-oil, 
mechanistic understanding of pyrolysis pathways has remained fairly obscure.  
Research objective and approach 
This project aims at advancing the current state of knowledge of biomass pyrolysis 
with the help of fundamental study. Mechanistic understanding of the pyrolysis pathways 
needs information of the primary pyrolysis products, prior to complex series of secondary 
reactions. This was achieved by employing a system consisting of a micro-pyrolyzer which 
had vapor residence time of only a few milliseconds, directly coupled with the analytical 
equipment. The problem was further simplified by considering the pyrolysis of each 
individual component of biomass (hemicellulose, cellulose and lignin) one at a time. 
Influence of minerals and reaction temperature on the primary pyrolysis products was also 
studied. Secondary reactions become important in industrial-scale pyrolysis system. 
However, it is difficult to distinguish them from primary reactions due to their close coupling 
in the large-scale reactors. In this study, secondary reactions of cellulose pyrolysis were 
studied by comparing the product distribution from micro-pyrolyzer and a 100g/hr bench 
scale fluidized bed reactor system.   
Dissertation organization 
This dissertation is organized into eight chapters. State of the art literature review is 
presented in chapter 2. Chapter 3 is dedicated to the study of glucose-based carbohydrates. It 
focuses on understanding the effect of feedstock chemistry such as degree of polymerization, 
glycosidic linkages – orientation and position of the glycosidic bond on the primary pyrolysis 
product distribution. Chapter 4 deals with understanding the effect of minerals that are 
indigenously present in biomass on pyrolysis of cellulose. The effect of switchgrass ash and 
temperature is also reported in this chapter. Chapter 5 is related to understanding the primary 
pyrolysis product distribution from hemicellulose, isolated from switchgrass. Chapter 6 
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focuses on understanding pyrolysis behavior of lignin. The primary pyrolysis products of 
lignin provide an insight on the mechanism of formation of lignin-derived oligomers. 
Chapter 7 aims at understanding the secondary reactions of cellulose pyrolysis, which are 
important in the case of large-scale reactor systems. General conclusions and directions for 
future work are discussed in Chapter 8.  
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Chapter 2. Literature review 
Pyrolysis technologies have been developed over past thirty years. During this time, 
several publications including pyrolysis handbooks
1-3
 and some excellent reviews
4-7
 have 
appeared in the literature. These publications can be divided into following categories: a) 
related to fast pyrolysis process development b) developing mechanisms and kinetic 
modeling and c) bio-oil characterization and d) understanding product distribution. This 
chapter begins with the summary of basic principles of biomass pyrolysis followed by the 
state-of-the- art review of contributions in the abovementioned categories.  
Overview of biomass pyrolysis   
Biomass is defined as the organic material of recent biological origin.
8
 Plant-based 
biomass, which is considered as a suitable feedstock for pyrolysis, is mainly composed of 
three organic polymers – hemicellulose 20-40%, cellulose 40-60% and lignin 10-25% by 
weight.
9
 During pyrolysis, these organic components are thermally decomposed in the 
absence of oxygen. This process is irreversible and generally produces numerous chemical 
species in the form of pyrolysis vapors, aerosols and solid residue. The condensation of 
pyrolysis vapors and aerosols yields a dark brown colored liquid with a distinct smoky odor 
called as bio-oil. Non-condensable fraction of pyrolysis vapors usually consists of gaseous 
species such as carbon monoxide, carbon dioxide, methane and hydrogen. Solid residue 
obtained from pyrolysis is called as charcoal or char. It consists of dehydration, condensation 
and re-polymerization products of the non-volatile fragments of hemicellulose, cellulose and 
lignin that are produced during pyrolysis. The pyrolysis product classification into the above 
mentioned three product categories based on their physical state of existence: char (solid), 
bio-oil (liquid) and non-condensable gases (gas) has become a standard over the years. The 
relative proportions of these three product fractions significantly vary depending upon the 
process conditions.  
For example, conventional or slow pyrolysis is known since ancient times to produce 
solid charcoal from biomass. In this mode, low heating rates (<50°C/min) and long vapor 
residence times are employed to maximize the char formation. In the early 1980s, the focus 
of pyrolysis was shifted towards maximizing the bio-oil yield which could be used as liquid 
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fuel. Researchers found that this could be achieved by rapid heating of biomass to moderate 
temperatures (about 500°C has been found to be optimum) and immediate quenching of the 
emerging pyrolysis vapors. This process is termed as fast pyrolysis. Another process called as 
flash pyrolysis which utilizes high temperature and produces gaseous species as major 
product. This process approaches gasification. Table 1 shows the pyrolysis technology, 
parameters employed and the corresponding product distribution. 
Table 1. Pyrolysis technology, corresponding process conditions and product distribution 
Pyrolysis 
Technology 
Process conditions Products 
Residence 
time 
Heating rate Temperature Char Bio-oil Gases 
Conventional 5-30 min <50°C/min 400-600°C <35% <30% <40% 
Fast Pyrolysis <5 sec ~ 1000°C/s 400-600°C <25% <75% <20% 
Flash Pyrolysis <0.1 sec ~1000°C/s 650-900°C <20% <20% <70% 
Fast pyrolysis process development 
The initial fast pyrolysis research was carried out at University of Waterloo (1979-
1985), where researchers developed an atmospheric pressure fluidized bed reactor system for 
the fast pyrolysis of biomass. The main objective was to optimize the process to obtain 
maximum yield of bio-oil from biomass or other organic feedstocks. Findings from this work 
could be found in a series of publications by the waterloo pyrolysis group.
11-15
 It is learnt 
from these publications that the high heat transfer rates and temperature around 500°C is 
necessary to obtain maximum bio-oil yield. Along with the reaction temperature, the 
residence time of the pyrolysis vapors also plays an important role in the process. It can have 
following implications on the fate of pyrolysis vapors: 1) secondary cracking in the gas phase 
– where pyrolysis vapors undergo further degradation producing more low molecular weight 
compounds and gaseous species. The residence time of the pyrolysis vapors could be 
minimized by using rapid condensation or by quenching them, however it is difficult to 
completely eliminate the secondary decomposition reactions. The char particles, which are 
often entrained in the pyrolysis vapors emerging from the reactor, need to be separated prior 
to the condensation. This operation needs pyrolysis vapors to go through a char separation 
unit, which adds to the vapor residence time at high temperatures. 2) Secondary 
decomposition on the char surface – the vapor-char interactions cause pyrolysis vapors to 
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condense and decompose on the char surface. This decomposition is probably catalyzed by 
the char.
16
 These interactions can take place inside the biomass particles of sufficiently large 
size or outside the biomass particles before char is separated from the products. These intra-
particle vapor-solid interactions are particularly important in case of large size (> 0.5 cm) 
particles. When such particles are exposed to pyrolysis temperatures, the thermal wave 
produces a thin pyrolysis front, which travels slowly inwards depending on the rate of 
internal heat transfer, leaving behind the layer of char. As pyrolysis front moves inwards, the 
devolatalized vapors have to diffuse out through the layer of char. The char provides good 
site for pyrolysis vapors to condense and decompose to produce secondary char (or coke) at 
the expense of bio-oil. Biomass particle size < 2 mm has been recommended for the 
maximum bio-oil yield.
4
 The secondary char formation is also possible on the surface of char 
entrained in the gas phase, provided enough residence time is available.  
In past two decades, the abovementioned knowledge about the fast pyrolysis process 
has helped researchers to develop several different types of reactors such as ablative, augur, 
entrained flow, vacuum, rotating cone, fluidized bed and circulating fluidized bed reactor.
7, 10, 
17, 18
 These reactors mainly differ in the mode of heat transfer and pyrolysis vapor residence 
time inside the reactor zone. It should be pointed out that the main objective of these studies 
was to achieve maximum efficiency and bio-oil yield. However, the chemical composition of 
bio-oil – which is an important consideration for its downstream processing, has been 
overlooked. 
Pyrolysis mechanisms and kinetics 
Over the past two decades, several types of biomass pyrolysis models have appeared 
in the literature. These models can be categorized into three categories. First category, where 
pyrolysis is described as a set of single step multiple reactions. In second class of models, 
thermal decomposition is expressed as a single first order irreversible reaction. These models 
are also known as ‗global decomposition models‘. In a third category of models, pyrolysis is 
described as a two step process that exclusively account for the primary and secondary 
reactions. All of these models are summarized in Figure 1.    
Broido and Nelson (1975)
19
 first proposed a single step-multiple reaction type 
mechanism for cellulose degradation based on the thermogravimetric study. According to 
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this mechanism, cellulose preferentially produced char and low molecular weight volatiles at 
temperatures < 250°C. At higher temperatures (> 280°C), a competing reaction led to tar 
formation. This mechanism did not differentiate between char and gaseous compounds. It 
was later modified by Shafizadeh et al.(1979)
20, 21
 who proposed that cellulose first  
undergoes depolymerization to produce anhydro fragment, called as ‗active cellulose‘. The 
active cellulose easily degraded into tar, char and gases through three single step reactions. 
They also speculated the secondary char formation from the re-polymerization of 
components of tar; however could not provide evidence based on the thermogravimetric data. 
This model is also known as Broido-Shafizadeh model (B-S model). 
Mok and Antal (1983)
22
 pointed out that both the above mentioned studies
19, 20 
overlooked the fact that sufficiently large sample size (100-250 mg) was used, such that 
significant vapor-solid interactions could have incurred in the TGA. They coupled TGA with 
the Differential Scanning Calorimeter (DSC) and observed that at low sample size and high 
gas flow rates, very less amount of char was produced and reaction was endothermic. 
However, when larger sample size and lower flow rates were used, the char yield was 23% 
accompanied by the strongly exothermic reaction. Cooley and Antal (1988)
23
 studied 
pyrolysis of ash free cellulose in a TGA under the conditions that minimized the issues 
related to heat and mass transfer and implied that single first order reaction was adequate to 
describe cellulose pyrolysis. They obtained a good fit for the TGA data with activation 
energy ≈ 193 kJ/mol.   
Few years later, Suuberg and coworkers (1996)
24, 25
 studied cellulose pyrolysis at 
various heating rates ranging between 0.1-60°C/min. They observed a transition in global 
decomposition kinetics at around 320°C from higher activation energy process (218 kJ/mol) 
to a lower activation energy process (140 kJ/mol). They explained these results on the basis 
of two single step competing reactions: endothermic reaction of tar evaporation (538 J/g of 
volatiles) which is favored at higher heating rates and an exothermic reaction of char 
formation (2 kJ/g of char formed) which is favored at low heating rates.  
All of the aforementioned models did not account for the secondary reactions that 
occur during pyrolysis. In order to exclusively account for these reactions, Shafizadeh et al.
26
 
proposed a modified version of B-S model, according to which, primary products (bio-oil, 
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char and gases) were produced via three competing reactions from biomass and the bio-oil 
vapors further decomposed to produce secondary char and gases. Another model that 
accounted the secondary reactions was proposed by Koufopanos et al.
27
 In this model, first 
stage consisted of two competing reactions producing primary volatiles and char. In a second 
stage, primary volatiles and char reacted to produce secondary volatiles and secondary char. 
Two research groups, Di Blasi et al.
28-30
 and Babu et al.
31
 have presented elaborate models 
for biomass pyrolysis based on the original models proposed by Shafizadeh and Koufopanos 
respectively. These models incorporate intra- and extra-particle heat transfer to simulate the 
pyrolysis behavior of single particle in a fluidized bed reactor, and are widely accepted today.  
 
Figure 1. Various models proposed for cellulose/biomass pyrolysis 
Although modified B-S model and Koufopanos model has been widely used to 
describe for cellulose/biomass pyrolysis, they are still limited to the very simplified version 
of pyrolysis, where products are classified into broad categories – bio-oil, char and gases. 
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Biomass pyrolysis is a complex process and generates many different chemical species. The 
underlying chemistry and specific chemical species distribution cannot be revealed by the 
thermogravimetric data. With the increasing interest in utilization of bio-oil, models that can 
predict the yield of specific chemical species are still expected in the literature.  
Properties and characterization bio-oil  
Initially, the bio-oil characterization was mostly focused on determining its physical 
properties such as density, pH, viscosity, water content, heating value and elemental 
analysis.
32
 From these studies, it is learnt that:  
1. Water content of bio-oil usually varies from 15-30% depending upon the feedstock and 
processing conditions.  
2. Oxygen is present in most of the species present in bio-oil. Together with water, this 
accounts for overall oxygen content of 35-40% of bio-oil. 
3. Bio-oils show wide range of volatility distribution.  
4. Viscosity of bio-oil can vary over a wide range (35-1000 cP at 40oC).  
5. Bio-oil is unstable and results in phase separation over time.  
6. Bio-oil is corrosive due to presence of organic acids (pH 2-3).  
The physical properties of bio-oil are determined by its chemical composition. Gas 
chromatography-Mass Spectrometry (GC-MS) analysis has often been used to identify 
various compounds present in bio-oil; however this technique is limited to the compounds 
that have sufficient volatility. Along with GC-MS, Fourier Transform Infrared (FTIR) 
spectroscopy, carbon-13 Nuclear Magnetic Resonance (13C-NMR) spectroscopy, High 
Performance Liquid Chromatography (HPLC) and Gel Permeation Chromatography (GPC) 
has also been used for qualitative characterization of bio-oil. It is learnt from the literature 
that bio-oil is comprised of many different chemical species with diverse functional groups 
such as carboxylic acids, hydroxyaldehydes, hydroxyketones, alcohols, esters, furan/pyran 
ring derivatives, sugars/anhydro sugars, phenolic compounds and lignin derived oligomeric 
compounds.
33-37
 It should however be noted that complete quantitative determination of the 
pyrolysis products has not yet established.  
Although bio-oil is the most easily obtainable liquid product from biomass, its 
applicability becomes limited due to its above mentioned physicochemical properties. It 
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needs to be upgraded to more stable and desirable form prior to using directly as heating 
fuel
38
 or as a feedstock for upgrading into transportation fuels.
39
 Several processes such as 
steam reforming, hydrodeoxygenation, hydrocraking, catalytic cracking, aqueous phase 
reforming and fermentation have also been proposed for converting bio-oil directly into 
‗drop-in‘ transportation fuels.40-46 However, not all components present in bio-oil are desired 
for these processes. For example, low molecular weight compounds such as acetic acid, 
ethanol and acetone are desired for steam reforming, oligomeric compounds are desired for 
catalytic cracking and sugars/anhydro sugars are desired for fermentation. Presence of other 
undesirable compounds in the bio-oil can pose significant challenge in its upgrading using 
particular process. For example presence of sugars and oligomeric compounds cause severe 
coking of the reforming catalyst. Similarly presence of phenolic compounds can severely 
affect the fermentation process. It is evident that the chemical composition of bio-oil is a key 
consideration and knowledge of how it could be controlled is of great interest for the 
feasibility of its production and cost-effective conversion to transportation fuels.  
Pyrolysis products distribution 
Bio-oil composition depends upon several intricate factors such as – lignocellulosic 
composition of biomass, presence of minerals, reaction temperature and pyrolysis vapor 
residence time inside the reactor. Disassociating these factors from each other poses a 
significant challenge. Due to such complexity, majority of the previous work has focused on 
the effects of pyrolysis parameters on the overall bio-oil yield rather than its composition. 
Although a few researchers have attempted to provide some understanding of the 
components present in bio-oil, they are limited to only few major components. Further these 
results are convoluted due to the fact that different feedstocks, reactor configurations and 
operating conditions are used. In order to gain a better understanding of the pyrolysis 
process, a systematic approach where all the factors affecting pyrolysis are deconvoluted is 
needed. Distinction of primary and secondary pyrolysis products is necessary to understand 
the exact reaction pathways. Further, the process could be simplified by studying the 
pyrolysis behavior of each individual components of biomass.   
Amongst the individual components of biomass, cellulose has received the most 
attention because of its abundance and well defined structure. Using  X-ray diffraction and 
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viscosity measurements, Broido et al.
19
 first revealed that during initial stages of cellulose 
pyrolysis, substantial depolymerization occurs without significant mass loss. They observed 
the decrease in the degree of polymerization of pure cellulose which was originally around 
2000, to about 200 with less than 15% of the mass loss. Few years later, Shafizadeh
21
 
reported levoglucosan as a major product resulting from the depolymerization of cellulose 
during pyrolysis. He also reported that as high as 85% of tars containing hydrolysable sugars 
could be obtained from cellulose.
21
 In a later study, Shafizadeh et al.
47
 studied the pyrolysis 
of levoglucosan and reported several low molecular weight compounds (CO2, acetaldehyde, 
acetol, acetic acid, furfural and methyl furfural) as the pyrolysis products. This led him to 
hypothesize that levoglucosan formation is the first step of cellulose pyrolysis and the low 
molecular weight compounds are formed from the sequential degradation of levoglucosan.  
Piskorz, Radlein and Scott
48, 49
 (Waterloo Fast Pyrolysis group) first reported the 
selective formation of glycolaldehyde (with yield as high as 10 wt%) from cellulose 
pyrolysis in their fluidized bed reactor. In a later publication, Piskorz et al.
50
 reported that the 
yield of glycolaldehyde increased with increase in the reaction temperature. In a series of 
papers bublished by Richard‘s group 51-53, they reported the formation of glycolaldehyde was 
significantly dependent on the presence of minerals. They found that addition of as small as 
0.05 wt% of NaCl to the ash free cellulose enhanced the formation of glycolaldehyde by the 
factor of 40 and reduced levoglucosan yield by a factor of 6. In accordance with these results, 
Piskorz et al.
49
 observed significant increase in the levoglucosan yield from the pyrolysis of 
demineralized poplar wood. As a result of these findings, two pathways of cellulose pyrolysis 
were identified: the first one led to the formation of anhydro sugars such as levoglucosan and 
cellobiosan by depolymerization, and the second one lead to the formation of glycolaldehyde 
via glucose ring scission. The second pathway was favored in presence of minerals or at 
greater temperatures.   
Hemicellulose is comprised of non-cellulosic carbohydrates that are generally found 
up to 25 wt% in biomass. It is not a well defined molecule and consists of various 
carbohydrates such as xylan (polymer of xylose), arabinoxylan (polymer of xylose and 
arabinose) and galacto-gluco-mannan (polymer of galactose, glucose and mannose). It is 
least stable amongst the three components of biomass. The low thermal stability of 
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hemicellulose is mainly attributed to its branched and amorphous structure.
10
 Although the 
pyrolysis products of hemicellulose are assumed to be similar to those obtained from other 
carbohydrates such as cellulose, very little data is available in the literature regarding 
hemicellulose pyrolysis. Shafizadeh
54, 55
  first reported the a typical yield of the product 
phases from the slow, low temperature, pyrolysis of xylan as: 31% char, 47% aqueous 
condensate comprising low molecular weight compounds, and 8% gas.  
A few researchers have used commercially available xylan to study its pyrolysis 
behavior using thermogravimetry. Yang et al.
56, 57
 have reported that the pyrolysis of xylan 
occurs between 220-315°C with maximum weight loss occurring at 260°C. They have also 
reported about 25 wt% char yield from the xylan pyrolysis. Recently Aho et al.
58
 have 
studied the pyrolysis of galacto-gluco-mannan isolated from pine in a fluidized bed reactor. 
They have reported the yields of pyrolysis products of galacto-gluco-mannan as follows: bio-
oil (12.1 wt%), water (18.6 wt%), char (31.2 wt%), CO (2.3 wt%), CO2 (12.5 wt%) with 
about 23 wt% of mass as unaccounted. A qualitative analysis of bio-oil showed that it mainly 
contained acetic acid, 2-furanmethanol, levoglucosan, acetol, 1,2-benzenediol, furfural, 1-
(acetyloxy)-2-propanone, 2-hydroxy-2-cyclopenten-1-one, dihydro-2(3H)-furanone, and 2-
cyclopenten-1-one.  
Lignin is the third major component of biomass which account for about 30% of its 
mass. It is an amorphous, complex cross linked polymer of three main monomers: p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. These monomers are ―hydroxy-― 
and ―methoxy-― substituted phenylpropane units.59 Similar to hemicellulose, very little data 
is available in the literature regarding the pyrolysis of lignin. Thermogravimetric analysis of 
lignin has shown that it degrades over wide range of temperatures ranging between 250-
900°C. A typical product distribution from lignin pyrolysis has been reported as: gaseous 
species (12 wt%), water soluble fraction of bio-oil (consists mainly of water, acetic acid and 
other low molecular weight compounds, 20 wt%), water insoluble fraction of bio-oil (15 
wt%) and char (40 wt%).
26
 Lignin pyrolysis mainly results in the low molecular weight 
compounds, phenolic compounds and oligomeric fragments of lignin. King et al.
60
 have 
reported phenolic monomers and dimers to be the main products of lignin pyrolysis with little 
trimer. The mean molecular weight of the bio-oil obtained at 500°C was found to be 388 Da 
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which decreased to 333 Da when the pyrolysis temperature was raised to 650°C. The 
quantitative yields and mass balance from the chemical speciation resulting from lignin 
pyrolysis has not been reported. However, qualitative analysis of  bio-oil shows presence of 
several phenolic compounds which could be considered to be derived from lignin.
33
  
Besides the lignocellulosic constituents, biomass also contains some small but 
definite amount of minerals. Salts containing sodium, potassium, magnesium and calcium are 
the major minerals that are found in biomass. Woody biomass generally contain lower 
amount of ash (<0.5 wt%) whereas agricultural residues like cornstover and grasses like 
switchgrass contain up to 5 wt% of ash. These minerals act as catalysts during pyrolysis and 
posses a great potential to alter the resulting bio-oil composition. As mentioned earlier, 
minerals catalyze the formation of glycolaldehyde from cellulose as opposed to 
levoglucosan. Such effect of minerals on hemicellulose and lignin is not yet well understood.  
Effect of high temperature and residence time on the overall bio-oil has been reported 
in the literature. It is known that at severe pyrolysis conditions and long residence time 
enhance the yield of gaseous products and low molecular weight species in the bio-oil, 
formed from secondary degradation of the primary pyrolysis products. I t should be noted 
that secondary reactions are difficult to avoid and the extent of secondary reactions is specific 
to the reactor configuration. It also depends upon the char separation and pyrolysis vapors 
condensation efficiency of the corresponding units. Due to such inherent complexity, the bio-
oil composition obtained from primary and secondary reactions has been rarely distinguished 
in the literature.  
In summary, although fast pyrolysis technology has been developed for the past thirty 
years, the knowledge of pyrolysis reaction pathways, underlying mechanisms and the 
resulting product distribution is fairly obscure. The complexity of the pyrolysis process and 
lack of well developed analytical methodology for bio-oil analysis has been a major barrier in 
gaining the mechanistic understanding of pyrolysis. With the increasing interest in utilizing 
bio-oil to produce renewable transportation fuels, knowledge about its chemical 
compositions and how it could be controlled is very crucial for developing cost-effective bio-
oil based technologies.  
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Abstract 
Carbohydrates are the major constituents of biomass. With the growing interest in 
utilizing bio-oil obtained from fast pyrolysis of biomass for fuels and chemicals, 
understanding the carbohydrate pyrolysis behavior has gained particular importance. The 
chemical composition of the bio-oil is an important consideration for its upstream and/or 
downstream processing. Though the classification of pyrolysis products into overall tar, char 
and gaseous fraction has evolved as a standard; detailed knowledge of the chemical 
constituents that determine the quality of bio-oil has received little attention. Furthermore, 
the speciation arising from primary and secondary reactions has been rarely distinguished. In 
this study the product distribution arising from the primary reactions during 500°C fast 
pyrolysis of several mono-, di- and polysaccharides is studied with the help of micro-
pyrolyzer. The study suggests that levoglucosan and the low molecular weight compounds 
are formed through competitive pyrolysis reactions rather than sequential pyrolysis reactions. 
It is also shown that the orientation or the position of glycosidic linkages does not 
significantly influence the product distribution except with 1,6-linked polysaccharide, which 
showed considerably less formation of levoglucosan than other polysaccharides.  
Introduction 
Growing concerns about green house gas emissions and depleting petroleum sources 
have spurred interest in the utilization of renewable resources for fuels and chemicals. 
Biomass has been identified as the only source of organic carbon
1
 that can be converted into 
a liquid product and fast pyrolysis has emerged as a promising route to transform biomass 
into such a product often referred to as ‗bio-oil‘.2, 3 Bio-oil is a complex mixture of many 
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compounds that can be classified into four main categories: 1) low molecular weight 
compounds 2) furan/pyran ring derivatives 3) phenolic compounds and 4) anhydro sugars. 
The quantity and chemical species distribution within these four groupings is dependent on 
both the feedstock type and the fast pyrolysis processing conditions. Although bio-oil is 
chemically different from crude petroleum, researchers have identified it as a material that 
can be potentially processed with the currently existing petrochemical refinery infrastructure 
in order to yield an array of useful products.
4, 5
 The chemical species present in a specific 
bio-oil is key a consideration for the techno-economic feasibility of its production as well as 
the processing needed to upgrade it.
6
 Literature concerning the influence of various fast 
pyrolysis processing parameters on the overall yield of bio-oil (commonly referred to as tar 
in these studies), char and non-condensable gas fractions is abundant. However, 
understanding the effect of feedstock chemistry and process variables on the resulting 
chemical species constituting the bio-oil that is produced has remained relatively unexplored. 
Polysaccharides represent the largest fraction of biomass and previous work in 
understanding the polysaccharides pyrolysis mechanisms and kinetics have been well 
reviewed in the literature.
7-9
 Thermogravimetric analysis (TGA) has been widely used to 
study both biomass and cellulose pyrolysis. Given these data sets, the kinetic expressions 
frequently reported in the literature as pyrolysis models have largely focused on the rate of 
mass loss of the polysaccharides. In general, these pyrolysis models can be divided into two 
categories.  The first is a global decomposition mechanism in which a single first order 
irreversible reaction is used to describe the experimentally observed weight loss rate.
8, 10, 11
 In 
particular, a parallel reaction scheme proposed by Bradbury and Shafizadeh
12
 has been 
widely accepted in the scientific community. According to this mechanism, cellulose is first 
transformed into an active intermediate species. This initial reaction is then followed by 
several competitive reactions: end group depolymerization of cellulose leading to the 
formation of primarily bio-oil (represented by levoglucosan) and the ring scission of 
monomer units resulting in the formation of gas together with char.  Alternatively, a second 
semi-global multi-step type mechanism has been presented by several researchers more 
recently, which exclusively considers primary and secondary reactions occurring during 
pyrolysis.
12-14
 This second type of model appears to be more descriptive of experimental 
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results and has explicitly predicted the yields of bio-oil, char and gas fractions resulting from 
primary as well as secondary reactions.
15, 16
  
An intrinsic weakness of TGA experiments is that the technique cannot provide the 
high heating rates actually generated during fast pyrolysis. This shortcoming is problematic 
since slower heating rates tend to favor the exothermic reaction of char formation; whereas 
higher heating rates promote the endothermic reaction that yields pyrolysis vapors.
17, 18
 The 
mass loss rate laws derived using TGA-derived data tend to significantly over predict the 
mass loss rates when extrapolated to the fast pyrolysis-relevant regime.
19
 Furthermore, there 
are discrepancies in the literature concerning results obtained using TGA due to varying 
degrees of mass transport limitations in the experiments
20
 and the systematic errors arising 
from the uncontrolled variations in the thermal lag of the equipment.
11, 21, 22
 By changing to a 
fluidized bed reactor system with carefully controlled and minimized heat and mass transfer 
effects, the applicability of the a modified Broido-Shafizadeh mechanism was found to 
describe cellulose pyrolysis under higher heating rates.
23
 
 Classification of pyrolysis products into three lumped categories (tar or bio-oil, char 
and gas) has become a standard over the years. Such classification, of course, does not 
account for the actual chemical species formed during pyrolysis. While several chemical 
species including levoglucosan and glycoaldehyde have been discovered as major products 
of polysaccharide pyrolysis, the effect of feedstock structure, composition and process 
parameters on the chemical species distribution in the resulting bio-oil is less well known. 
The yields of the different chemical species also depend on the type of reactions (primary 
decomposition and/or secondary cracking) occurring during fast pyrolysis.1 It has been found 
that the overall pyrolysis products of cellulose decomposition are essentially the same as that 
obtained from levoglucosan pyrolysis.
24-27
 This result has led to the hypothesis that 
levoglucosan is a primary product of cellulose pyrolysis and a precursor of other chemical 
species formed from secondary reactions during pyrolysis.
28
 However, more recently, Oja 
and Suuberg were able to measure the vapor pressure and determine the enthalpy of 
sublimation of levoglucosan and concluded that it can be evaporated fairly quickly under fast 
pyrolysis conditions.
29
 As such, the secondary degradation of levoglucosan may be avoided if 
it is removed immediately from the pyrolysis reaction zone in the reactor. Unfortunately, the 
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studies that do report bio-oil composition, do not discern between the primary and secondary 
reaction products which adds to the complexity in understanding the speciation resulting 
from fast pyrolysis, since the extent of secondary reactions varies with the pyrolysis reactor 
configuration and the set of reaction parameters employed. 
Given that most of the research work published on carbohydrate pyrolysis provides 
products classified into bio-oil (tar), char and gas fractions, the ability to discern the chemical 
speciation resulting from different polysaccharide fast pyrolysis conditions as well as the 
feedstock chemistry is extremely limited. Owing to the innately complex nature and lack of 
understanding of pyrolysis reactions, speciation emerging from primary and secondary 
reactions has been rarely distinguished. In this paper, we report the speciation resulting from 
primary reactions during fast pyrolysis of several mono-, di- and polysaccharides. This study 
provides insight into the primary pyrolysis reactions as well as the influence of feedstock 
chemistry (degree of polymerization, orientation and positions of glycosidic linkages) on the 
resulting chemical speciation, which help provide a basis for building pyrolysis models that 
can predict the yields of specific chemical species present in the bio-oil.  
Experimental Section  
Materials  
The saccharides used in the current study are listed in Table 2. Commercial samples 
of glucose, cellobiose, maltose, maltohexaose, cellulose and dextran were purchased from 
Sigma Aldrich. The two cellulose samples were in the form of microcrystalline powders of 
20 μm and 50 μm particle sizes, respectively. Waxy maize starch was procured from a local 
manufacturer (Penick & Ford Ltd., Iowa) and curdlan was obtained from Tate & Lyle, UK.  
These materials were all in the powder form and had particle size < 50 μm.  
The influence of mineral contaminants present in the commercially available 
polysaccharides on their resulting pyrolysis products has been reported in the literature.
30
 To 
remove such impurities, approximately 1 g of the polysaccharide compound was treated with 
20 ml of 0.1N HNO3 for 5 minutes followed by filtration and further washing of the residue 
with three successive 20 ml portions of deionized water. The mineral content of the original 
and acid washed polysaccharides were determined using x-ray florescence. Dextran was 
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relatively soluble in the dilute acid solution and resulted in the formation of a gel at room 
temperature. The demineralized dextran was recovered at a lower temperature (<2°C) as a 
thin film formed on a filter surface. Determination of the minerals removed during the acid 
wash of dextran was achieved by subjecting the filtrate to atomic absorption spectroscopy. 
Approximately 0.5 g of each original and acid washed polysaccharide sample was subjected 
to air oxidation in a furnace at 575°C for six hours to determine the overall ash content of the 
samples.    
Table 2. Glucose-based carbohydrates used in the current study 
Compound Type 
Glycosidic 
Linkage 
Glucose Monosaccharide - 
Cellobiose Disaccharide β-1-4 
Maltose Disaccharide α-1-4 
Maltohexaose Oligosaccharide α-1-4 
Cellulose Polysaccharide β-1-4 
Waxy Maize Starch Polysaccharide α-1-4 and α-1-6 
Curdlan Polysaccharide β-1-3 
Dextran Polysaccharide α-1-6 
Pyrolyzer–GC–MS experiments 
The mono-, di- and polysaccharide compounds analyzed in the study were pyrolyzed 
at 500°C under an inert atmosphere using a micro-furnace single shot pyrolyzer (model 
2020iS, Frontier Laboratories, Japan). The micro-pyrolysis unit consisted of a sampler, a 
quartz pyrolysis tube that can be preheated to a desired temperature (500°C in our study) 
with a furnace, interface and a deactivated needle (inserted into the gas chromatograph (GC) 
injector). The furnace was calibrated to read the center line temperature of the quartz 
pyrolysis tube in which the sample resided during pyrolysis. For a specific test, a deactivated 
stainless steel sample cup was loaded with 0.5 mg of sample material. The loaded cups fell 
freely into the preheated furnace by gravity in a very short time period during which the 
sample was heated to the pyrolysis temperature ensuring rapid pyrolysis (>2000°C/s). The 
pyrolysis vapors were directly swept into the GC (Varian CP3800) using helium as the 
carrier gas. The constituents of the pyrolysis vapor were separated in the GC column and 
identified using a mass spectrometer (MS) (Saturn 2200). Once the peaks were confirmed, a 
flame ionization detector (FID) was used to obtain quantified speciation data. Sample cups 
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were weighed before and after pyrolysis using a Mettler Toledo microbalance with sensitivity 
of 0.001 mg to determine the initial sample weight and the weight of the final residual char.  
The chromatographic separation of pyrolysis products was performed using an alloy 
capillary column (Ultra Alloy – 5, Frontier Laboratories, Japan) having high thermal 
resistance (30 m x 0.250 mm and 0.250 μm film thickness with stationary phase consisting of 
5% diphenyl and 95% dimethylpolysiloxane) with a carrier gas flow velocity 51.3 cm/s. An 
injector temperature of 300°C and a split ratio 1:100 was used. The GC oven temperature 
program began with a 3 min hold at 35°C followed by heating to 130°C at 5°C/min and then 
to 250°C at 20°C/min. The final temperature was held for 2 min. The mass spectra were 
recorded in the electron ionization mode with 10μamp emission current in the range from 
m/z 10 to 180.  
Confirmation of product species  
The peaks corresponding to different components in the chromatogram were 
identified using the following methods. The mass spectra of the peaks were compared with 
standard spectra of other compounds using the NIST library to obtain the most probable 
matches. In some cases, the retention index concept was utilized for determining the best 
assignment. The column DB 1701 has been widely used for the chromatographic separation 
and identification of bio-oil components.
31
 The column used in the current study had a 
similar stationary phase composition and, therefore, the expected order of compound elution 
should have been the same. Literature comparisons of the identified compounds and their 
elution pattern were made to identify the peak. The pure compounds corresponding to the 
best estimated assignments for the peaks were obtained from Sigma Aldrich. These pure 
compounds were then used to confirm the peak identification based on matching the 
retention time and mass spectrum. 
Calibration of the GC column  
The pure compounds corresponding to the confirmed peaks in the chromatograms 
were further used to calibrate the GC column connected to the FID. Standard solutions of 
each of these compounds were prepared by dissolving them in an appropriate solvent. For 
example, methanol was used to calibrate the column for acetone and levoglucosan (due to its 
better solubility in methanol). The formation of adducts were observed between methanol 
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and the aldehydes (e.g. furfural) arising from the solvent interactions under the current 
experimental setup leading to undesired peaks. In such cases, acetone was used to prepare the 
standard solutions. For higher concentrations of levoglucosan (10-70 wt% of the overall 
sample weight), the column was calibrated by passing a known amount of levoglucosan 
directly through the micro-pyrolyzer. Although glycolaldehyde has been reported as an 
important pyrolysis product from cellulose,
32, 33
 it is not commercially available due to its 
instability. Glycolaldehyde dimer was purchased from Sigma Aldrich and a known quantity 
of it was passed directly through the pyrolyzer which resulted in the single peak 
corresponding to the retention time of the monomer. Five-point straight line calibration 
curves (with r
2 ≥ 0.95) were established for the pure compounds relating the peak area based 
on total ion count to the concentration. Table 3 shows the list of calibrated compounds with 
their corresponding retention times, major ion(s) detected in the mass spectrum and the 
concentration range for which the column was calibrated.  
Results and Discussion 
The goal of the current study was to investigate the chemical speciation resulting 
from the primary pyrolysis reactions. It is known that particle size and initial sample size can 
significantly alter the pyrolysis products due to heat and mass transfer effects.
20
 Abnormally 
high char yield (27 wt%) from cellulose pyrolysis has been reported in the literature, which 
was attributed to secondary char formation due to the interaction between pyrolysis vapors 
and primary char.
34
 To assess these issues for the experimental system used in the current 
study, cellulose samples with different particle size (20 μm and 50 μm) and initial sample 
weights varying from 200 μg to 800 μg were pyrolyzed with at least three replications. No 
significant difference was observed in the product yields, which indicated that the 
experimental regime was free from transport limitations. Throughout the study, sample size 
of about 500 μg and particle size ≤ 50 μm was maintained. Reproducibility of the three 
cellulose pyrolysis runs is shown in Table 4. 
Since the mineral contaminants present in the commercially available materials can 
significantly alter their pyrolysis behavior, the mineral content of the original and acid 
washed polysaccharide compounds were measured. Sodium, potassium and calcium ions
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Table 3. Identification and calibration information of the pyrolysis products of glucose-based carbohydrates 
Peak 
no. 
Retention 
time 
(min.) 
Major ion(s) 
Calibration 
range 
(wt%)† 
r
2 
value 
Compound 
1 1.48 18,45 0.0-10.0 0.98 Formic acid 
2 1.58 43, 58, 68 0.0-5.0 0.98 Furan/acetone 
3 1.91 43, 60 0.0-25.0 0.98 Glycolaldehyde 
4 2.18 39, 53, 82 0.0-5.0 0.98 2-methyl furan 
5 2.26 43, 60 0.0-10.0 0.98 Acetic acid 
6 2.81 43, 74 0.0-20.0 0.99 Acetol 
7 5.58 55, 85 - - Unidentified (mol. wt. 86)* 
8 6.66 39, 96 0.0-5.0 0.99 2-Furaldehyde 
9 7.46 53, 68, 81, 98 0.0-2.5 0.99 2-Furan methanol 
10 7.84 39, 55, 68, 98 0.0-2.5 0.99 3-Furan methanol 
11 9.57 43, 102 - - Unidentified (mol. wt. 102)* 
12 10.76 53, 81, 110 0.0-2.5 0.99 5-Methyl furfural 
13 11.88 57, 84, 114 - - Unidentified (mol. wt. 114)* 
14 12.86 39, 55, 69, 112 0.0-6.0 0.99 2-Hydroxy-3-methyl-2-cyclopenten-1-one 
15 15.36 39, 68, 98 0.0-3.0 0.97 Levoglucosenone 
16 18.34 39, 69, 98, 126 - - 1,4;3,6-Dianhydro-α-D-glucopyranose* 
17 19.26 39, 97, 109, 126 0.0-5.0 0.99 5-(Hydroxymethyl)-2-furancarboxaldehyde 
18 21.27 39, 69, 98, 144 - - Anhydroxylopyranose* 
19 25.73 60, 73, 126, 145 0.0-60.0 0.98 
1,6-Anhydro-β-D-glucopyranose 
(Levoglucosan) 
20 26.26 73, 85, 126, 145 - - 1,6-Anhydro- β-D-glucofuranose* 
*not confirmed by pure standards 
†based on 0.5 mg of feedstock
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Table 4. Cellulose pyrolysis product distribution 
Compound Average 
Standard 
Deviation 
Formic Acid 6.6 0.23 
Furan/Acetone 0.7 0.01 
Glycolaldehyde 6.7 0.72 
Acetic acid 0.0 0.00 
2-Methyl furan 0.4 0.01 
Acetol 0.3 0.02 
2-Furaldehyde 1.3 0.05 
2-Furan methanol 0.5 0.03 
3-Furan methanol 0.3 0.00 
5-Methyl furfural 0.2 0.02 
2-Hydroxy-3-methyl cyclopenten-1-one 0.2 0.01 
Levoglucosenone 0.4 0.03 
5-Hydroxymethyl furfural 2.8 0.18 
Anhydro xylopyranose 3.0 0.66 
Levoglucosan – pyranose 58.8 0.27 
Levoglucosan – furanose 4.1 0.09 
Other Anhydro Sugars 1.4 0.04 
Char 5.4 1.21 
Total 92.9 2.75 
All numbers are wt%. 
were found particularly dominant amongst the impurities. The cellulose sample was 
relatively pure with only a 13 ppm sodium ion concentration whereas curdlan contained an 
especially large amount of impurities with 3700 ppm of sodium ions and 500 ppm of calcium 
ions. The ‗as purchased‘ curdlan sample upon pyrolysis resulted in 33 wt% of levoglucosan 
and 17 wt% of char as compared to 44 wt% levoglucosan and 4.5 wt% char yield from the 
purified curdlan sample.  To diminish such effect of impurities in the resulting pyrolysis, all 
of the polysaccharide samples were acid washed.  After this treamment the samples were 
found to have <10 ppm of sodium ions. Calcium ions were found to be particularly 
recalcitrant to acid wash and were only partially removed from waxy maize starch and 
curdlan. Table 5 shows detailed concentrations of the major mineral ions present in the 
original and acid washed polysaccharides. Extended exposure to aqueous acidic solutions (3-
7 wt%) can significantly reduce the degree of polymerization and thereby influence the
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Table 5. Mineral ion content of the commercial and acid washed polysaccharides  
Element Cellulose 
Acid 
washed 
cellulose 
Waxy 
maize 
starch 
Acid 
washed 
waxy 
maize 
starch 
Curdlan 
Acid 
washed 
curdlan 
Dextran 
Acid 
washed 
dextran 
Na 13 < 10 130 < 10 3700 < 10 85 < 10 
Mg < 5 16 78 < 5 93 < 5 < 5 - 
Al 7 9 9 8 < 3 84 7 - 
Si 30 36 34 31 160 530 22 - 
P < 3 < 3 38 28 530 69 170 - 
S 21 17 240 76 290 29 8 - 
K < 3 29 53 < 5 210 13 14 <5 
Ca < 3 17 150 89 500 40 23 <5 
Fe 24 56 36 38 67 130 19 - 
Total ash* 0.02 n.d. 0.07 0.01 1.76 0.25 0.02 n.d. 
All numbers are in ppm. 
*total ash is based on the wt% of the sample 
n.d. not detectable 
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resulting product distribution from cellulose pyrolysis.
35
 To asses such effects, unwashed and 
acid washed cellulose samples (both containing negligible amounts of mineral impurities) 
were pyrolyzed. No significant difference in the products was observed. This result indicated 
that the mild concentration of acid (0.1N) and short residence time (5 mins) used in the acid 
wash did not had a significant effect on the degree of polymerization of the polysaccharides.     
Product Identification 
All of the saccharides used in this study led to the formation of similar pyrolysis 
products though in different quantities. Representative chromatograms obtained from the 
pyrolysis of glucose, cellobiose and cellulose along with the identified peaks are shown in 
Figure 2. A total of 15 primary compounds were definitively identified and quantified from 
the saccharide pyrolysis (see Table 3). The peak at 1.6 min appeared to consist of furan and 
acetone. Since these compounds had comparable response factors, they were reported as co-
eluted without further distinction. As expected from previous studies in the literature, the 
identified species from saccharide pyrolysis could be broadly classified into three primary 
categories: 1) low molecular weight compounds, 2) furan/pyran ring derivatives and 3) 
anhydro sugars. Relative to several previous reports,
32, 33
 lower yields of low molecular 
weight species were detected in our study. The short residence time in the micropyrolysis 
experiments could have diminished secondary reactions such that decreased formation of low 
molecular weight compounds occurred. Shown in Table 6 are the yields of the confirmed 
product species from the various saccharides as calculated from the calibration curves for 
each of the identified species.  
In a number of cases, the mass spectrum of unconfirmed peaks suggested that they 
were isomers of nearby pyrolysis species. For example, the peak at retention time 6.6 min 
was confirmed to be 2-furaldehyde and the proximate peaks at 6.5 and 6.8 min appeared to 
be those of 3- and 5-furaldehyde, respectively, according to their corresponding mass 
spectrums. Similarly, the smaller peaks at retention times corresponding to 17.5, 18.4 and 
24.5 min appeared to be composed of mono- or di-anhydro sugars as suggested by their mass 
spectrum and are collectively reported as ‗other anhydro sugars‘ in Table 6. The peak at 21.2 
min was also found to be a dominant peak in the pyrolysis of xylose (not reported in this 
paper) and appeared to be anhydroxylopyranose. The significant peak at 26.5 min appeared 
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to be a furanose isomer of levoglucosan (1,6-anhydro-β-D-glucofuranose), however, the 
assignment could not be definitively confirmed due to the commercial unavailability of the 
pure compound. For the results reported here, the levoglucosan calibration was used to 
determine the yields for anhydroxylopyranose and 1,6-anhydro-β-D-glucofuranose. The char 
yield was determined by measuring the sample mass in the micropyrolyzer sample cup 
before and after pyrolysis. The unaccounted portion of the mass balance was attributed to 
non-condensable gaseous species, water and some unidentified organic compounds formed 
during pyrolysis.  
Levoglucosan Pyrolysis 
Levoglucosan was found to be a major pyrolysis product for all the saccharides with 
its yield ranged from 10 wt% for glucose to 59 wt% from cellulose. It has been proposed to 
exist in equilibrium with the reactant molecule during the pyrolysis reaction such that it can 
either randomly polymerize back to form a polysaccharide (carbonization reaction) or 
degrade further if exposed to pyrolysis temperatures for relatively longer residence time.
25
 In 
order to better understand the nature of speciation resulting from saccharides, a clear 
demarcation between saccharide and levoglucosan pyrolysis products was examined.  
In order to understand its decomposition behavior, levoglucosan was pyrolyzed at 
400, 500 and 600°C using the micro-pyrolyzer. Levoglucosan was found to not decompose at 
any of these temperatures. Surprisingly, it remained intact even at the most extreme 
thermolysis conditions and was found to yield just a single peak with no residue left in the 
cup. These experimental results suggested that perhaps being deprived of one water molecule 
with less hydrogen bonding, levoglucosan was much more volatile than glucose and could be 
easily sublimed under the fast pyrolysis conditions.  As such, its further degradation could be 
minimized by employing short residence time and rapid cooling.
18, 29
 
The results from the levoglucosan pyrolysis validated that the speciation data 
presented in the current work was free from the complexities arising from the sequential 
degradation of levoglucosan. As such, all of the reported saccharide pyrolysis products in 
Table 6 were apparently directly produced from an active intermediate moiety (such as active 
cellulose), which competed with levoglucosan formation. This competition would suggest 
that process parameters (temperature, presence of catalysts etc.) could be used to alter the 
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relative rates of these reactions leading to the production of bio-oils with significantly 
different compositions.  
 
Figure 2. GC-FID chromatograms showing the pyrolysis products of a) glucose, b) cellobiose, and c) 
cellulose (refer to Table 3 for peak identification information) 
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Product Distribution  
Shown in Table 6 are the quantified pyrolysis speciation results for the carbohydrates 
examined in the current study. As glucose is the primary monomer unit of most naturally 
occurring polysaccharides, the pyrolysis product species obtained from glucose polymers 
were the same as those from glucose.  This qualitative comparison can be seen in Figure 2 
where the chromatograms of the pyrolysis products for glucose, cellobiose and cellulose are 
shown. However, these pyrolysis product species were present at different levels as given in 
Table 6. As seen in Figure 2, acetone/furan, glycolaldehyde, 2-furaldehyde, 5-hydroxymethyl 
furfural, levoglucosan (1,6-anhydro-β-D-glucopyranose) and its furanose isomer (1,6-
anhydro-β-D-glucofuranose) were the major products of glucose pyrolysis at 500oC. The 
results from glucose pyrolysis (see Table 6) demonstrated that glucose also yielded more 
significant amounts of low molecular weight compounds (including water and gaseous 
fraction) than those produced from di-, oligo- and polysaccharides. Of note is that similar 
product distribution profiles with enhanced generation of low molecular weight compounds 
would be expected when carbohydrate feedstocks consisted of greater concentration of 
simple sugars (such as sweet sorghum, sugarcane etc.) are pyrolyzed. In fact, the production 
of a significant gaseous fraction, with CO2 as the major component, and bio-oil with a 
relatively greater concentration of acetol has been reported as pyrolysis products of sweet 
sorghum (containing about 36% of glucose),
36
 which is consistent with our results.  
Interestingly, glucose majorly exists in pyranose form; yet produced a significant 
amount of furan ring derivatives such as 2-furaldehyde and 5-hydroxymethyl furfural upon 
fast pyrolysis. This result was possibly due to the fact that aromatic furan structures are more 
stable and kinetically favored than pyrans. It also suggested the pyrolysis of glucose must 
involve an intermediate that can readily transform into the furanose structure. Being a 
reducing sugar, glucose can readily convert into the acyclic form during pyrolysis. In a series 
of papers, Paine et al.
37-40
 have provided important insights on the fragmentation patterns of 
acyclic glucose involving a single carbon-carbon bond cleavage leading to the formation of 
low molecular weight compounds and furans. For example, formation of C5 furans involves 
scission of the first or last carbon from the glucose molecule and the remainder fragment can 
cyclize to form a stable furan compound, whereas, smaller fragments lead to the formation of 
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formic acid, glycolaldehyde and gaseous species. It can be reasonably concluded that all 
these reactions compete with each other proceeding at their respective rates and ultimately 
leading to the speciation reported in Table 6.  
Anhydro sugars are major glucose pyrolysis products. Byrne et al.
41
 have suggested 
that levoglucosan and 1,6-anhydro-β-D-glucofuranose formation from glucose proceeds via 
intramolecular dehydration of glucose leading to the formation of 1,2- or 1,4-epoxide 
intermediates. These intermediates can quickly rearrange into levoglucosan and its furanose 
isomer. Isomerization of glucose into glucofuranose or fructofuranose has also been proposed 
as an intermediate step in the formation of levoglucosan furanose; however, its contribution 
seems less likely as more number of steps are involved.
42
  
Cellobiose and maltose are the repeating dimer units of cellulose and amylose, 
respectively. The speciation obtained from their fast pyrolysis (Table 6) showed that 
significantly more levoglucosan was produced from their pyrolysis than with glucose. High 
levoglucosan yield was also accompanied with the diminished formation of acetol and 2-
furaldehyde. This result could be attributed to the presence of the glycosidic linkage in the 
disaccharides. The glycosidic linkage is most susceptible for thermal activation and its 
cleavage appeared to yield intermediates that facilitated the formation of levoglucosan. The 
speciation data suggested that this reaction was much faster than the carbon-carbon bond 
cleavage within the glycosidic unit leading to different product quantities.   
Maltohexaose is an oligosaccharide containing six glucose units connected to each 
other with α-1-4 linkages. As shown in Table 6, it gave a product distribution that was 
intermediate between that resulting from the disaccharides and polysaccharides.  
The product composition resulting from polysaccharide pyrolysis was strikingly 
different from that obtained from either glucose or disaccharide pyrolysis (see Figure 2). 
Levoglucosan was the principal product of cellulose pyrolysis. A clear trend in levoglucosan 
yield with polysaccharides > oligosaccharides > disaccharides > monosaccharides was 
observed that suggested the glycosidic linkage is crucial for levoglucosan formation and that 
the reaction proceeded via sequential cleavage of the glycosidic bond. It appeared this 
reaction proceeded at a faster rate than the competing reactions, which led to the formation of 
other species (including the formation of water and gaseous species that are collectively 
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Table 6. Primary pyrolysis product distribution of various glucose-based carbohydrates 
Compound Glucose 
Cello-
biose 
Maltose 
Malto-
hexaose 
Cellu-
lose 
Curdlan 
Waxy 
Maize 
Starch 
Dextran 
Formic Acid 7.5 10.1 7.9 12.4 6.6 6.5 5.3 6.4 
Furan/Acetone 1.3 0.8 0.9 0.9 0.7 0.9 0.7 0.9 
Glycolaldehyde 6.6 7.1 8.4 6.1 6.7 5.6 7.0 6.2 
Acetic acid 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 
2-Methyl furan 1.0 0.6 0.7 1.0 0.4 0.4 0.4 0.5 
Acetol 1.1 0.5 0.6 1.0 0.3 0.5 0.5 0.6 
2-Furaldehyde 8.4 6.7 5.6 4.2 1.3 1.0 1.1 1.3 
2-Furan methanol 0.6 0.6 0.7 0.9 0.5 0.7 0.5 0.5 
3-Furan methanol 0.2 0.2 0.2 0.1 0.3 0.1 0.2 0.1 
5-Methyl furfural 0.9 0.5 0.6 0.5 0.2 0.7 0.5 0.7 
2-Hydroxy-3-methyl cyclopenten-1-one 0.3 0.1 0.1 0.5 0.2 0.2 0.5 0.3 
Levoglucosenone 0.2 0.4 0.1 0.4 0.4 0.7 0.3 0.6 
5-Hydroxymethyl furfural 7.7 8.7 8.9 6.8 2.8 3.6 3.7 4.0 
Anhydro xylopyranose 0.0 1.1 1.1 1.1 3.0 5.3 5.2 4.6 
Levoglucosan - pyranose 7.0 24.4 20.5 33.1 58.8 44.2 48.5 36.9 
Levoglucosan - furanose 3.9 3.9 3.7 3.9 4.1 4.2 4.2 4.4 
Other Anhydro Sugars 2.5 0.9 1.2 1.9 1.4 2.9 3.1 2.5 
Char 9.8 9.7 6.3 4.8 5.4 4.6 5.4 4.8 
Unidentified fraction* 40.8 23.6 32.4 20.5 7.1 18.1 13.2 24.7 
All numbers are in wt%. 
*includes mainly gases, water and some unidentified organic compounds) 
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reported as the ‗unaccountable‘ fraction in Table 6). As a result, lesser amounts of low 
molecular weight compounds and furans were observed from the polysaccharide pyrolysis as 
compared to their yields from the pyrolysis of the oligosaccharides, disaccharides and 
glucose.  
There are three mechanisms suggested for the formation of levoglucosan from 
polysaccharides. Pakhomov
43
 proposed that cellulose decomposition proceeds via breakdown 
at the 1,4- glycosidic linkages producing macro radicals. These macro radicals further break 
down generating levoglucosan and other radicals. Kislitsyn et al.
7, 44
 introduced a radical 
scavenger into the reaction system and found that 4.5 mol% of scavenger reduced 
levoglucosan yield to 20% of the normal yield. Shafizadeh
45
 noticed that the electron 
donating or withdrawing substituent on a phenyl ring in phenylglucosides influenced the 
levoglucosan yield and suggested that the glycosidic bond cleavage is heterolytic. He 
postulated that the glycosidic bond is displaced by a C2 or C4 hydroxyl group leading to the 
formation of 1,2-  and 1,4-anhydro glucopyranose, which quickly rearranges to form 
levoglucosan or its furanose isomer. Ponder et al.
30
 argued on the basis that such 
displacement of the glycosidic bond is feasible only when a sterically available hydroxyl 
group is situated trans to the glycosidic linkage. Different yields of levoglucosan are 
anticipated from different polysaccharides if the concerted displacement is the governing 
mechanism. They proposed that the polysaccharides undergo heterolytic glycosidic bond 
cleavage producing a glucosyl cation, which ultimately forms 1,6-anhydride (see Figure 3). 
Subsequent heterolytic cleavage of another glycosidic bond liberates a levoglucosan 
molecule accompanied with the generation of another glucosyl cation, which then reacts 
further in similar fashion. In current experiments, the yield of levoglucosan obtained from 
different polysaccharides ranges from 36-59% (see Table 6) and seemed to favor the 
mechanism proposed by Ponder et al.
30
  
Effect of Glycosidic Linkages on Speciation 
The product yields obtained from cellobiose and maltose pyrolysis indicated that the 
α or β orientation of the glycosidic linkage does not significantly affect the speciation 
obtained from fast pyrolysis. In principle, this trend might be expected to extend to the 
product distribution resulting from the polysaccharides: cellulose and amylose. Amylose 
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pyrolysis was examined for the current study; however, large amount of impurities (up to 
10% by weight) resulted in an aberrant product distribution and was not reported in this 
article.  
Cellulose yielded the highest amount of levoglucosan (59%) and the least amount of 
low molecular weight species. It should be noted that cellulose sample was present in the 
pure state with a very low level of contaminants. The microcrystalline nature of cellulose has 
been reported to facilitate the levoglucosan formation.
5
 In the current work no major 
difference in the product distribution from cellulose, curdlan and waxy maize starch 
(composed of mostly amylopectin) was observed. The minor differences in the product 
distribution may be attributed to the relatively greater amount of residual impurities and the 
degree of crystallanity in the waxy maize starch and curdlan. Surprisingly, the levoglucosan 
yield from acid washed dextran was considerably lower (36%) than that obtained from 
cellulose (59%) in spite of the fact that they had similar amounts of mineral contents.  
These results concur with the one particular mechanism of levoglucosan formation, as 
proposed by Ponder et al
30
. According to this mechanism, a glucosyl cation is generated by 
the heterolytic cleavage of the glycosidic bond in polysaccharides. This glucosyl cation can 
readily transform into an intermediate with a terminal 1,6-anhydro glucopyranose (see Figure 
3). The subsequent cleavage of the glycosidic bond results in the formation of one molecule 
of levoglucosan and other depolymerized fragment, which can readily form the intermediate 
structure with a terminal 1,6-anhydro glucopyranose. Formation of such an intermediate from 
a depolymerized fragment of the 1,6-linked polysaccharide is not possible. The substrate 
containing a 1,6-glycosidic linkage has to go through the formation of a glucosyl cation 
followed by a 1,4-anhydride at the end molecule of the chain. 1,4-anhydride formation is 
accompanied with the transformation of the terminal glucopyranose unit from chair form to 
the boat form. It is possible that such a transformation needs higher activation energy thereby 
proceeding at a slower rate. Given the presence of competitive pyrolysis reactions, it is 
expected that more formation of other compounds like (acetol, 2-furaldehyde etc.) will occur 
if the rate of levoglucosan formation is impeded. Thus, it can be concluded that the position 
of the glycosidic linkage does not significantly affect the product distribution except with the 
1,6-linkage.  
40 
 
 
Figure 3. Mechanism proposed by Ponder et al. for levoglucosan formation from cellulose 
Conclusions  
The speciation resulting from the primary reactions during the fast pyrolysis of 
several saccharides was investigated. A total of fifteen compounds were identified and the 
quantified yields of these pyrolysis products were reported. Levoglucosan was the principal 
pyrolysis product for all of the saccharides. It was found to be stable at 500°C under the 
experimental conditions, which suggested that the results presented were free from the 
complexities arising from subsequent levoglucosan degradation. This result also indicated 
that the levoglucosan and other reported species were formed through competitive reactions 
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rather than sequential reactions during the fast pyrolysis of the carbohydrates. A trend in the 
levoglucosan yield according to degree of polymerization: polysaccharides > 
oligosaccharides > disaccharides > monosaccharide was observed. The speciation also 
suggested that the orientation and position of glycosidic linkages had negligible effect on the 
resulting product distribution except for the case of dextran (1,6-linked polysaccharide). It 
produced a significantly lower amount of levoglucosan than other polysaccharides due to the 
different intermediates involved in its pyrolysis. This study provides help in understanding 
the fundamental pyrolysis mechanism of glucose-based carbohydrates and a similar 
methodology can be used as a basis for understanding the pyrolysis behavior of 
hemicelluloses and lignin. By understanding the individual components a more systematic 
approach to whole biomass will be possible. 
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Abstract 
Processing bio-oil with the help of currently existing petroleum refinery infrastructure 
has been considered as a promising alternative to produce sustainable fuels in the future. The 
feasibility of bio-oil production and upgrading processes depend upon its chemical 
composition which in turn depends on the biomass composition and the process conditions of 
the fast pyrolysis reactions. The primary goal of this paper was to investigate the effect of 
mineral salts including mixtures of salts in the form of switchgrass ash on the chemical 
speciation resulting from primary pyrolysis reactions of cellulose and to gain an insight of the 
underlying mechanisms. Various concentrations of inorganic salts (NaCl, KCl, MgCl2, 
CaCl2, Ca(OH)2, Ca(NO3)2, CaCO3 and CaHPO4) and switchgrass ash were impregnated on 
pure cellulose. These samples were pyrolyzed in a micro-pyrolyzer connected to a GC-
MS/FID system. Effects of minerals on the formation of a) low molecular weight species – 
formic acid, glycolaldehyde and acetol, b) furan ring derivatives – 2-furaldehyde and 5-
hydroxy methyl furfural and c) anhydro sugar – levoglucosan are reported exclusively. 
Further, the effect of reaction temperature ranging from 350-600
o
C on the pyrolysis 
speciation of pure and ash doped cellulose is also reported. The pyrolysis speciation revealed 
the competitive nature of the primary reactions. Mineral salts and higher temperatures 
accelerated the reactions that led to the formation of low molecular weight species from 
cellulose as compared to those leading to anhydro sugars.          
Introduction 
Biomass is receiving significant attention as a renewable resource of organic carbon 
that can be transformed into a liquid product often referred to as ‗bio-oil‘ and fast pyrolysis 
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has emerged as one of the most promising methods to obtain bio-oil.
1, 2
 During the fast 
pyrolysis process, the natural polymeric constituents of biomass are thermally broken down 
into numerous smaller molecules. These pyrolysis products have been conventionally 
classified into three broad categories based on their physical state: bio-oil (liquid), char 
(solid) and non-condensable gases. Mineral nutrients, which are an integral part of any 
biomass material, are known to catalyze several thermolysis reactions and significantly alter 
the pyrolysis product distribution including the chemical composition of the resulting bio-
oil.
2
 With the increasing interest in utilizing bio-oil as a renewable feedstock, knowledge 
about its chemical composition as well as possible routes to tailor this composition has 
gained particular significance. Extensive work has been done in the last two decades to 
understand the role of indigenous or added inorganic compounds on biomass pyrolysis; 
however it has been limited to the product classification within the above mentioned broad 
categories. Systematic understanding of influence of these minerals on the chemical 
speciation resulting from the fast pyrolysis reactions (primary/secondary) has remained 
relatively unexplored.  
Previous work has clearly demonstrated that the inorganic compounds found 
indigenously within biomass promote the formation of gaseous species and char at the 
expense of bio-oil yield.
3
 Raveendran et al.
4
 studied the pyrolysis of twelve different biomass 
feedstocks and observed that the yield of pyrolysis vapors, devolatalization rate and the 
initial decomposition temperature increased whereas the char yield decreased on 
demineralization of the biomass samples except for the case of rice husks, groundnut shell 
and coir pith. The exceptional behavior of these biomass sources was attributed collectively 
to their high of lignin, potassium and zinc content. Potassium and zinc are known to catalyze 
the char gasification reactions which would be prevented when they are removed by 
demineralization.
4, 5
  
Thermogravimetric analyzer (TGA) has been used by many researchers to study the 
effect of mineral matter on biomass pyrolysis. Varhegyi and Antal
6
 used a mass spectrometer 
coupled with the TGA to gain some insight into the products evolving during pyrolysis of 
cellulose in the presence of inorganic compounds (NaCl, MgCl2, ZnCl2 and FeSO4). They 
found that the temperature of onset of decomposition and maximum weight loss was 
47 
 
decreased when inorganic compounds were present. They further suggested that the minerals 
not only catalyzed the depolymerization reaction producing macromolecules but also 
accelerated the secondary degradation of these macromolecules generating numerous smaller 
molecules. Jensen et al.
7
 investigated the effect of potassium chloride on the pyrolysis of 
wheat straw and its constituents – hemicelluloses, cellulose and lignin. They indicated that 
the presence of potassium affected the interactions between the constituents of wheat straw 
during pyrolysis. Similar observations about lowering of the onset of thermal decomposition 
and product yields (increase in the yield of char and gas at the expense of bio-oil) due to the 
presence of ash during the pyrolysis of rice hull,
8
 sunflower stem,
9
 olive bagasse,
10
 and palm 
oil wastes
11
 have been reported. Though TGA has been widely used to study the effect of 
inorganic compounds on biomass pyrolysis, it has several disadvantages as an approach to 
understanding fast pyrolysis. First, it is incapable of providing a sufficiently high heating rate 
to simulate ‗fast‘ pyrolysis (generally > 1000°C/sec) and, therefore, the data obtained using 
TGA could be misleading as slower heating rate facilitate certain reactions, for example char 
formation, that are also affected by the presence of minerals. Secondly, without coupling to 
additional analytical capabilities, it merely measures a mass loss rate of the biomass during 
the thermal reaction without distinguishing between the various chemical species. 
Scott and his coworkers developed a fluidized bed reactor process for biomass fast 
pyrolysis designed to maximize the bio-oil yield.
12, 13
 They discovered that the yield of 
anhydro sugars from biomass pyrolysis was significantly improved upon its demineralization 
and proposed a model for cellulose pyrolysis, according to which it can decompose via either 
two pathways depending on the presence of inorganic compounds. In the absence of 
minerals, cellulose was modeled to decompose mainly via depolymerization leading to 
levoglucosan as the major product, whereas in presence of minerals low molecular weight 
compounds (especially glycolaldehyde) are favored as the main decomposition products.
14, 15
 
These findings were later confirmed by Richards who suggested that levoglucosan formation 
occurred via heterolytic fission of glycosidic bonds
16
  and speculated that dehydration 
followed by a retro-Diels Alder type mechanism was responsible for the formation of 
glycolaldehyde.
17
 However, it is not clear from the literature whether the observed increase 
in the yield of low molecular weight species such as glycolaldehyde in presence of minerals 
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is due to acceleration of the primary reactions or due to catalyzed secondary degradation. 
Besides the above mentioned pyrolysis product species, little information is available 
regarding the effect of inorganic salts on the yields and mechanisms of formation of other 
bio-oil product species. In a previous study by our group 
18
 chemical speciation resulting 
from the primary pyrolysis reactions of several glucose-based carbohydrates (including 
cellulose) were identified and quantitatively reported. The primary pyrolysis product 
distribution from cellulose revealed the competitive nature of the decomposition reactions 
and indicated that parameters such as temperature or the presence of inorganic catalysts 
could be used to alter the relative rates of these reactions leading to bio-oil with significantly 
different compositions.  
In terms of specific metal ions, sodium, potassium, magnesium and calcium are 
generally the major inorganic constituents of biomass besides silica.
4
 (see Table 7) Nik-Azar 
et al.
19
 studied the effect of these metals on beech wood pyrolysis and suggested that sodium 
and potassium are stronger cracking catalysts than is calcium. These observations were 
confirmed by Müller-Hagedorn et al.
20
 who also showed that the anion counterpart of the salt 
has an influence on the pyrolysis product distribution.  Kleen et al.
21
 have reported that 
calcium ions enhanced the yield of anhydrosugars from pulp pyrolysis. In a recent study, 
Shimada et al.
22
 reported that both alkali and alkaline earth metals significantly influence the 
formation of low molecular weight compounds. They also noted that the alkaline earth metals 
reduced the bulk cellulose decomposition temperature (temperature at which maximum mass 
is lost, ~350°C in case of pure cellulose) by a greater magnitude than that observed with 
alkalis.  
Pyrolysis temperature is also an important parameter that affects bio-oil speciation. 
Though abundant literature is available concerning the effect of temperature on biomass 
pyrolysis, the prior studies have mainly focused on optimizing the overall bio-oil yield.
23-26
 It 
is well-understood from these studies that bio-oil yield is maximized when temperatures 
ranging between 475-525°C are used. Higher temperatures and longer residence times favor 
the subsequent degradation of the primary pyrolysis vapors and generate more gaseous 
species at the expense of bio-oil. Yang et al.
27, 28
 have reported the thermal decomposition 
behavior of individual components of biomass – hemicellulose, cellulose and lignin and 
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showed that hemicellulose degrades between 220-315°C and cellulose decomposition occurs 
between 315-400°C whereas lignin degrades over the wider temperature range of 250-900°C. 
Demirbas
29
 has recently reported pyrolysis speciation obtained from four different biomass 
feedstocks at different temperatures and indicated that bio-oil with modified chemical 
compositions could be obtained by controlling the pyrolysis reaction parameters.          
Most of the research work published on biomass pyrolysis has focused on pyrolysis 
products classified into bio-oil, char and gas fractions. Given that the bio-oil speciation is a 
result of convoluted impacts of biomass composition, catalytic effects of indigenous minerals 
on the pyrolysis reactions and types of reactions (primary/secondary) prevailing during 
pyrolysis, understanding of biomass pyrolysis product distribution becomes extremely 
difficult. A systematic approach dealing with understanding the effects of pyrolysis 
parameters on the individual components of biomass would serve as a basis for better 
understanding of the more complex system. The main purpose of the current work was to 
investigate the catalytic effect of inorganic salts and switchgrass ash as well as the effect of 
temperature on the chemical speciation resulting from the primary reactions of cellulose 
pyrolysis.  Several inorganic salts (NaCl, KCl, MgCl2, CaCl2, Ca(OH)2, Ca(NO3)2, CaCO3 
and CaHPO4) were selected based on their existence in natural biomass. These salts and 
switchgrass ash was impregnated into pure cellulose and the samples were pyrolyzed in a 
micro-pyrolyzer under conditions in which secondary reactions were minimal. The resulting 
pyrolysis speciation is reported. The results from the study provide an insight on the nature of 
primary pyrolysis reactions and also help provide a basis for building pyrolysis models that 
can predict the yields of specific chemical species present in the bio-oil. 
Experimental Section 
 Materials  
Cellulose, in the form of microcrystalline powder of 50 μm particle size, was 
purchased from Sigma Aldrich chemical company. The commercially available cellulose 
sample contained a negligible amount of mineral impurities 
18
 and was the pure cellulose 
used in the current work. Inorganic salts used in the study (NaCl, KCl, MgCl2.6H2O, CaCl2, 
Ca(OH)2, Ca(NO3)2, CaCO3 and CaHPO4 were purchased from the Fischer Scientific as ACS 
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grade chemicals with > 99.5% purity.  Switchgrass was procured from the Iowa State 
University Agronomy Department farm. The switchgrass ash was prepared by the method 
presented by NREL.
30
 The ‗as received‘ switchgrass was subjected to air oxidation in a 
furnace at 575°C for approximately six hours. The residue remaining after the oxidation was 
used as ‗switchgrass ash‘ in this study. The composition of the ash was determined using the 
X-ray florescence (XRF) technique.  
Cellulose samples doped with inorganic salts (at least four levels ranging from 0.05-
2.5 wt%) or switchgrass ash (four levels ranging from 0.5-5 wt%) were prepared. These 
weight percents were chosen to simulate those present in real biomass feedstocks. The 
appropriate amount of inorganic salt/ash was dissolved in 25 ml deionized water and this 
solution was then added to 2.5 g of cellulose and stirred well to obtain a well-mixed slurry. 
The samples were dried in an oven at 110°C overnight to obtain the inorganic salt/ash 
impregnated cellulose samples.   
Pyrolyzer–GC–MS/FID experiments 
Pyrolysis experiments were performed using a single shot micro-furnace pyrolyzer 
equipped with an autosampler (model 2020iS, Frontier Laboratories, Japan). The micro-
pyrolyzer primarily consisted of a quartz pyrolysis tube of 4.7 mm inner diameter and 114 
mm in length. The quartz tube was surrounded by a tubular furnace providing uniform heat 
throughout. The furnace was calibrated to read the centerline temperature of the pyrolysis 
tube. Continuous flow of helium gas with linear velocity 51.3 cm/s was maintained through 
the pyrolysis tube throughout the experiments which provided the inert atmosphere for 
pyrolysis reactions and also helped sweep the emerging pyrolysis products out of the reactor 
as soon as they were produced. The micro-pyrolyzer assembly was directly connected to a 
gas chromatograph (Varian CP3800) which was then connected to either a mass spectrometer 
(MS, Saturn 2200) or a flame ionization detector (FID). The operational control of the micro-
pyrolyzer was synchronized with that of the GC-MS/FID system, which allowed an 
automatic single operational control of the combined reactor-gas analyzer system. 
Preliminary tests showed regime of negligible heat/mass transfer limitations when particle 
size ≤ 50 µm and sample size ranging between 200-800 µg was used.18 Hence, for each 
experiment, approximately 500 µg of the feedstock sample (≤ 50 µm) was loaded into a 
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deactivated stainless steel sample cup. The loaded cups were purged with helium for 30 
seconds and then they fell freely due to gravity in the quartz pyrolysis tube situated inside the 
furnace, which was preheated to maintain the desired pyrolysis temperature (500°C in the 
current study). The drop time of the cups were on the order of 15-20 milliseconds during 
which it was heated to the pyrolysis temperature ensuring rapid pyrolysis (heating rates > 
2000°C/s). The sample cups were weighed before and after pyrolysis using a Mettler Toledo 
microbalance, sensitive to 1 µg, to determine the initial sample weight and the weight of the 
final residual char.  
The chromatographic separation of the pyrolysis products was performed using an 
alloy capillary column (Ultra Alloy – 5, Frontier Laboratories, Japan) having high thermal 
resistance (30 m x 0.250 mm and 0.250 μm film thickness with stationary phase consisting of 
5% diphenyl and 95% dimethylpolysiloxane) with a carrier gas flow of 2 ml/min. An injector 
temperature of 300°C and a split ratio 1:100 was used.  The GC oven temperature program 
began with a 3 min hold at 35°C followed by heating to 130°C at 5°C/min and then to 250°C 
at 20°C/min.  The final temperature was held for 2 min. For product identification, the GC 
was connected to the MS. The mass spectra were recorded in the electron ionization mode 
with a 10 μamp emission current in the range from m/z 10 to 180. After the peak 
assignments, FID was calibrated for all the confirmed pyrolysis products. Details of the 
product identification and calibration have been reported previously. 
18
 Briefly, for 
quantifying the pyrolysis products, an FID was used to record the chromatogram with a 
detector temperature of 300°C, H2 flow rate of 28 ml/min and airflow rate of 300 ml/min. 
With the above mentioned experimental conditions, five-point straight line calibration curves 
were established for each individual chemical compound that was identified as a pyrolysis 
product of cellulose. The undetectable species that constituted mainly gaseous species (CO, 
CO2) and water generated during pyrolysis, together with minor fraction of unidentified 
compounds were reported as unaccounted portion.  
Results and Discussion  
We have indentified twenty compounds (excluding char and gaseous fraction) 
resulting from the primary reactions of pure cellulose pyrolysis (six compounds could not be 
definitively confirmed due to unavailability of the pure standards). These compounds 
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contributed to about 87% of the carbon balance. The quantitative yields of these species have 
been reported previously.
18
 These chemical entities could be broadly classified into a) low 
molecular weight compounds, b) furan ring derivatives, and c) anhydro sugars. The objective 
of this paper was to investigate the role of switchgrass ash and its major constituents on 
pyrolysis product speciation. It should be noted that the chemical species obtained in 
presence of minerals were the same as those obtained from pure cellulose, but the relative 
yields of the various species were significantly different. The species that showed a largest 
impact on their yields due to presence of inorganic salts, classified according to above 
mentioned categories are as follows: a) Formic acid, glycolaldehyde and acetol, b) 2-
furaldehyde (furfural) and 5-hydroxy methyl furfural and c) 1,6-anhydro-β-D-glucopyranose 
(levoglucosan). These species contributed to about 80% of the carbon balance of the 
‗identified‘ fraction (excluding the char and unaccounted portion). In this paper, effect of 
inorganic salts/ash catalysis on the yields of these species is reported exclusively.  The results 
and discussion section presented is subdivided into two parts; part one that discusses the 
catalytic role of pure salts (both of their cations and anions) and the second part that 
discusses the results obtained on the primary pyrolysis speciation of cellulose when different 
levels of switchgrass ash and pyrolysis temperatures were used.  
Effect of Pure Inorganic Salts 
Table 7. Composition of Switchgrass ash 
Compound Content (Wt%) 
SiO2 72.2 
Al2O3 3.74 
Fe2O3 1.28 
SO3 0.39 
CaO 6.19 
MgO 2.33 
Na2O 0.77 
K2O 6.17 
P2O5 2.63 
TiO2 0.18 
SrO 0.02 
BaO 0.01 
LOI @ 750
o
C* 1.63 
*Lost on ignition 
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The chemical composition of ash obtained from switchgrass is shown in Table 7. 
Silica was found to be the major constituent of the ash (72 wt%). Other major constituents 
were calcium, potassium, phosphorous, magnesium and sodium respectively.  The assay of 
biomass ash suggested that the majority of the alkali and alkaline earth metals were present 
in the form of water soluble salts (mainly chlorides, nitrates, carbonates and phosphates).
31
 A 
small fraction of alkaline earth metals was associated with the organic macromolecules 
making it resistant to the acid wash. The pyrolysis of a sample consisting of cellulose doped 
with approximately 4 wt% silica did not show any significant change in the pyrolysis 
chemical speciation relative to pure cellulose, indicating that the above mentioned inorganic 
constituents except the silica primarily contribute to the catalytic effect of ash during 
pyrolysis. The effect of alkali and alkaline earth metal ions was studied by impregnating their 
chlorides on pure cellulose. To probe whether there was an effect of different anions bound 
to the metal ions, samples were also prepared by impregnating various salts of calcium 
(CaCl2, Ca(OH)2, Ca(NO3)2, CaCO3 and CaHPO4) on pure cellulose. Pyrolysis runs for 
cellulose samples with six different concentration loadings of CaCl2 and the pure cellulose 
were repeated at least three times to determine the 95% confidence intervals, shown in 
Figures 4 and 5.  
Effect of Alkali Metal Chlorides 
Shown in Figure 4 is the impact of NaCl addition on the cellulose pyrolysis products.  
The presence of even very small quantities of NaCl was found to be detrimental to the 
formation of levoglucosan, which is the principal pyrolysis product of pure cellulose. The 
levoglucosan yield was decreased from 59 wt% using pure cellulose to 26 wt% when 0.006 
mmoles/g of cellulose (approximately 0.05 wt%)  NaCl was present. It should be noted that 
previous studies
22, 32-34
 have reported a significantly lower levoglucosan yield and than what 
we have observed from the pyrolysis of pure and doped cellulose. This difference might be 
due to the convoluted effects of heat/mass transport effects and prevailing secondary 
reactions having enhanced the subsequent degradation of levoglucosan into low molecular 
weight species in their respective pyrolysis systems. The decline in the levoglucosan yield 
was accompanied by a substantial increase in the yield of water soluble low molecular weight 
species, in particular glycolaldehyde (from 7 to 28 wt%), formic acid (from 7 to 18 wt%) and 
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acetol (0.3 to 2 wt%). The relative effect on the yield of other product compounds was much 
smaller. The ‗aqueous nature‘ of bio-oil obtained in presence of ash as reported by Gray et 
al.
35
 is consistent with the manifestation of the observed species distribution upon NaCl 
doping. These results are in accord with previous findings regarding the effect of ash on the 
yield of levoglucosan and glycolaldehyde from cellulose/wood pyrolysis.
14, 17, 22, 36
 As would 
be anticipated from previous studies,
14, 17
 an increase in the concentration of added metal 
salts enhanced the formation of glycolaldehyde at the expense of levoglucosan yield. 
 
Figure 4. Effect of alkali and alkaline earth metal chlorides on the cellulose pyrolysis products.  
X axis, mmoles of inorganic metal salt/g of cellulose; Y axis, wt% of the compound formed. Legend: 
NaCl (), KCl (), MgCl2 (), CaCl2 () 
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  However, in our study, we observed the yield of glycolaldehyde and formic acid was 
maximized for an initial loading of 0.006 mmoles NaCl/g of cellulose. Further increase in the 
NaCl concentration reduced the formation of glycolaldehyde and formic acid and was 
accompanied with an exponential decline in the levoglucosan yield. Similar results have been 
reported by Fahmi et al. 2007,
37
 who observed about 8.5% glycolaldehyde yield from the 
pyrolysis of herbaceous biomass which was two-fold less than that observed after partial 
removal of minerals from the biomass sample. The yield of gaseous species, water and char 
was found to be facilitated as the amount of NaCl loading was increased (see Table 8).    
Table 8. Carbon balance accounted for by the identified pyrolysis products of cellulose 
Sample Char Unaccounted* 
Carbon 
balance 
Cellulose 5.35±3.54 7.07±3.54 86.70 
Cellulose + 0.1 wt% NaCl 6.76 7.95 79.60 
Cellulose + 1.0 wt% NaCl 9.77 23.45 61.55 
Cellulose + 1.0 wt% KCl 18.37 28.72 51.97 
Cellulose + 1.0 wt% MgCl2 13.66 33.65 63.59 
Cellulose + 1.0 wt% CaCl2 12.67 40.12 49.15 
Cellulose + 1.0 wt% Switchgrass 
ash 
14.33 11.49 68.03 
The yield of Char and Unaccounted portion is reported as wt%.  
*unaccounted fraction mainly consists of the gaseous species, water and some other unidentified 
organic species generated during pyrolysis. 
The effect of KCl on the decomposition temperature and overall yields of bio-oil, 
char and gas have been reported previously.
7, 20, 22, 38
 In the current study, the char and 
unaccounted fraction yields obtained in presence of KCl were greater than those obtained in 
presence of NaCl (see Table 8). In terms of detailed pyrolysis product chemical speciation, 
KCl seemed to behave quite similarly to NaCl. The presence of 0.004 mmoles KCl/g of 
cellulose resulted in a steep decline in the levoglucosan yield from 59 to 29 wt%. The 
levoglucosan yield was further decreased by smaller increments with increasing KCl 
concentration until 0.08 mmoles/g of cellulose and did not decrease by a significant amount 
thereafter (see Figure 4). A similar exponentially declining profile of levoglucosan yield was 
found to be the case in the presence of all the salts that were studied. These results suggested 
that ash content up to a certain ‗critical‘ limit significantly impacted the levoglucosan yield.  
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Biomass would need to be demineralized below such critical concentration if greater 
levoglucosan yields are to be achieved. Compared to the speciation resulting from the 
presence of NaCl, less formation of glycolaldehyde and formic acid and a greater magnitude 
of the ‗unaccounted‘ portion, which was mainly composed of gaseous species and water, 
were observed in presence of KCl. These results were consistent with the findings of Jensen 
and co-workers,
7
 who observed that the yields of CO, CO2 and water from cellulose pyrolysis 
were increased by 4, 5 and 3 times, respectively, in the presence of KCl. As potassium is 
known to catalyze the gasification reactions, it is reasonable to believe that its presence 
favors the formation of gaseous species during pyrolysis. KCl did not seem to have a 
significant effect on the yields of the furan ring derivatives. Nowakowski et al.
38
 observed 
greater phenol yield from potassium impregnated willow and have reported phenol as one of 
the pyrolysis products of cellulose. In their study, the increase in the phenol yield might have 
possibly arisen due to the catalytic effect of KCl on the pyrolysis of lignin present in the 
willow or been generated from secondary char cracking reactions.
39, 40
 In the current study, 
no evolution of phenolic compound was observed from cellulose pyrolysis.  
Effect of Alkaline Earth Metal Chlorides 
Figure 4 shows the chemical speciation that resulted from cellulose pyrolysis in the 
presence of MgCl2. As in the case of alkali metals, a steep exponential decline in the 
levoglucosan yield was evident with the MgCl2; however, the magnitude of the decline was 
smaller than that observed in the former cases using alkali metal chlorides. The yield of 
formic acid only slightly increased (from 6.5 to 9.5 wt%) with increasing MgCl2 
concentration as compared to the increase in its yield of up to 18 wt% in the presence of 
NaCl.  The glycolaldehyde formation was found to be suppressed with MgCl2. Varhegyi et 
al.
6
 studied the pyrolysis of cellulose impregnated with MgCl2 in a TGA coupled with a mass 
spectrometer. They observed that the intensities of mass fragments (m/z 26, 68, 84 and 96) 
typically arising from the organic components, i.e., furan, furfural, aldehydes, ketones etc., 
diminished considerably and concluded that reactions leading to the formation of these 
components were either suppressed by MgCl2 or they underwent secondary cracking 
generating mostly to gaseous species.  Unlike their results, the data from our present study 
suggests that the presence of MgCl2 was actually beneficial to the formation of 2-
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furaldehyde, 5-hydroxymethylfurfural and levoglucosenone. Furan ring derivatives are 
formed from cyclization followed by dehydration of the C4, C5 and C6 fragments generated 
during pyrolysis,
41
 whereas, levoglucosenone is formed via dehydration of levoglucosan. 
MgCl2 is a known dehydration catalyst,
42
 so this property of MgCl2 likely led to the enhanced 
formation of furans and levoglucosenone seen in the current results.  MgCl2 did not seem to 
have a significant effect on the formation of acetol. The gas and char yields produced in the 
presence of MgCl2 were similar to those obtained from the pyrolysis of cellulose doped with 
KCl.  
Effect of Anions   
Conflicting results have been reported regarding the effect of calcium on the yield of 
levoglucosan.
21
 In our study, similar to other salts, CaCl2 resulted in a reduced yield of 
levoglucosan. The formation of the low molecular weight species formic acid and acetol was 
only slightly enhanced by CaCl2. The yield of glycolaldehyde was increased from 6.6 to 9.5 
wt% by the presence of a 0.02 mmoles of CaCl2/g of cellulose; however, greater amounts of 
CaCl2 led to a decline in this yield to 2 wt%.  Similar to MgCl2, CaCl2 was found to be 
beneficial for the formation of 2-furaldehyde, 5-hydroxymethylfurfural and levoglucosenone. 
It is interesting to note that the yield of 2-furaldehyde was found to be dramatically increased 
from 1.2 to 4.1 wt% when the doping level of ≥ 0.25 mmoles of CaCl2/g of cellulose was 
used. This result was confirmed by triplicate runs. Below this concentration, doping with 
CaCl2 did not show a significant effect on its formation. Shimada et al.
22
 reported that the 
effect of doping with alkali metal chlorides on cellulose pyrolysis was smaller than with 
alkaline earth metal chlorides. However, our results indicate that very small amounts of 
either alkali or alkaline earth metal chlorides were sufficient to significantly alter the 
pyrolysis products.  In terms of levoglucosan yield, the order of strongest to most mild 
influence was K
+
 > Na
+
 > Ca
2+
 > Mg
2+
.    
To assess whether the counter anion of the metal ions influenced the chemical 
speciation, results from the pyrolysis of cellulose doped with CaCl2, Ca(OH)2, Ca(NO3)2, 
CaCO3 and CaHPO4 were collected (see Figure 5). It is clear from these results that the 
anions also had an important impact on the chemical speciation during pyrolysis.   
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Figure 5. Effect of different anions on the cellulose pyrolysis products.  
X axis, mmoles of inorganic metal salt/g of cellulose; Y axis, wt% of the compound formed. Legend: 
Ca(OH)2 (), CaCO3 (), Ca(NO3)2 (), CaHPO4 (),CaCl2 () 
Among the calcium salts used in this study, levoglucosan yield decreased in the 
following order Cl
-
 > NO3
-
 ≈ OH- > CO3
2-
 ≈ PO4
3-
.  The presence of CaCO3 and CaHPO4 led 
to a small decline in the leglucosan yield from 59 to 38 wt% as compared to the CaCl2, which 
reduced its yield to only 12 wt%. This observation was in good agreement with that reported 
by Muller et al.,
20
 who found with different potassium salts that levoglucosan yield decreased 
in the following anion order: Cl
-
 > SO4
2-
 > CO3
2-
. Although all the calcium salts increased the 
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-
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concentration of Ca(OH)2 and CaCO3 was observed on  glycolaldehyde yield.  The formation 
of 2-furaldehyde, 5-hydroxymethylfurfural and levoglucosenone was enhanced by CaCl2 
addition. As dehydration is an important step in the formation of these compounds, it is likely 
that CaCl2 was assisting the dehydration step more favorably relative to the other calcium 
salts.  
Mechanism of cellulose pyrolysis  
The influence of any mineral salt depends on its ionic nature, Lewis acidity/basicity 
and/or ability to form complexes that stabilize particular reaction intermediates. Several 
mechanisms have been proposed to explain the formation routes of pyrolysis products with 
primary attention to levoglucosan and glycolaldehyde. Shafizadeh
15, 43
 postulated that 
glycolaldehyde is generated by a C2-C3 scission of the glucose intermediate formed from 
levoglucosan which is in turn formed via depolymerization of cellulose; i.e., cellulose → 
levoglucosan → glucose → glycoldehyde + C4 fragment.  Richard et al.
17
 observed greater 
levoglucosan yields from microcrystalline cellulose and reduced glycolaldehyde yield 
leading to speculation that glycoldehyde must have diverted from the reaction network prior 
to the formation of levoglucosan. Our previous study 
18
 demonstrated that all the low 
molecular weight compounds, including glycolaldehyde, could be produced from cellulose 
pyrolysis under the conditions of minimal levoglucosan degradation, which clearly suggested 
the competitive nature of the primary pyrolysis reactions. Yang et al.
44
 have recently 
proposed that the ‗ionic forces‘ associated with the metal ions and pyranose ring interaction 
induces hemolytic scission of various bonds leading to different pyrolysis products.  For 
example, scission at the C1 or C5 position would generate compounds containing a single 
carbon atom (CO2, formic acid etc), scission at the C2 or C4 position would produce 
glycoldehyde, and scission at C3 would lead to the formation of acetol.  It has been reported 
previously that levoglucosan is formed via heterocyclic cleavage of the glycosidic linkage 
16, 
18
 Considering all of the results, the presence of metal ions appears to enhance the hemolytic 
cleavage of several bonds in the pyranose ring leading to smaller decomposition products in 
competition with the heterocyclic cleavage of glycosidic linkages that results in the formation 
of levoglucosan (see Figure 6). 
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Figure 6. Postulated mechanism of primary pyrolysis reactions of cellulose in presence and absence 
of metal ions 
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Effect of Switchgrass Ash on Cellulose Pyrolysis   
The effect of switchgrass ash content on the resulting chemical speciation from 
cellulose pyrolysis is shown in Figure 7. As it is evident from the figure, the presence of as 
little as 0.5 wt% ash led to a strikingly different chemical speciation result.  This low level of 
ash nearly tripled the formic acid yield and quadrupled the formation of glycolaldehyde, 
whereas, the levoglucosan yield was found reduced to less than half of that obtained from the 
fast pyrolysis of pure cellulose.  At lower ash concentrations (<2.5 wt%), compared to the 
equivalent weight loading of pure salts, the effect of the ash seemed to be diluted, which was 
possibly due to the fact that almost 72% of the ash was silica, an inert compound that ends up 
in char. With approximately 2.5 wt% of added ash, the levoglucosan yield was diminished to 
12 wt%, comparable to that obtained by the impregnation of about 2.5 wt% of pure KCl or 
NaCl. The formation of low molecular weight species was enhanced by ash and their yields 
were similar to those obtained by impregnating the cellulose with pure salts. A minor 
increasing trend in the formic acid and acetol yields with ash concentration was observed 
(see Figure 7), whereas no significant rise in the glycoldehyde yield was observed. The yield 
of furan ring compounds was not impacted by ash addition in spite of significant alkaline 
earth metal content within the ash. This observation, which was distinctly different than what 
was found with the alkaline earth metal chlorides, could be attributed to these inorganic salts 
being transformed into metal oxides in the ash. 
 
Figure 7. Effect of switchgrass ash on cellulose pyrolysis speciation 
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Effect of Inorganic Salts and Switchgrass Ash on Levoglucosan Pyrolysis 
To examine whether the reduced levels of levoglucosan could be attributed to mineral 
salts/ash-catalyzed secondary degradation, samples consisting of levoglucosan impregnated 
with 5 wt% switchgrass ash, 5 wt% NaCl and 5 wt% MgCl2 were prepared using similar 
method as used with cellulose (see section 2.1). The pyrolysis of these samples resulted in a 
single peak corresponding to levoglucosan with about 5 wt% residue (equivalent to the 
amount of inorganic salt/ash added) in the sample cup. This result demonstrated that none of 
the other pyrolysis products that were identified from inorganic salts/ash addition to cellulose 
were generated by the subsequent degradation of the levoglucosan. In our previous study, we 
reported data that supported the idea that the primary pyrolysis reactions leading to 
glycosidic bond cleavage or glycan ring decomposition are competitive leading to either 
levoglucosan or low molecular weight species, respectively.
45
 Those results in conjunction 
with the current work, suggest that the role of mineral salts/ash present in biomass is to lower 
the activation energy of reactions leading to the direct formation of the low molecular weight 
species (especially glycolaldehyde, formic acid, acetol and gaseous species) from the 
cellulose and not from the secondary reactions consisting levoglucosan decomposition. 
Preferential activation of these reactions reduces the amount of cellulose available for the 
react ions that produce levoglucosan, thereby declining its yield.  
Effect of Temperature on Pyrolysis of Pure and Ash-Doped Cellulose and 
Levoglucosan 
To further probe the activating effect of ash, the influence of temperature on the 
pyrolysis reactions of both pure and 0.5 wt% ash-impregnated cellulose samples were 
pyrolyzed at temperatures ranging from 350-600°C. As a basis for comparison, pure and ash-
doped levoglucosan was pyrolyzed at 600°C resulting in a single GC peak, which 
corresponds to levoglucosan. This result demonstrated that fast pyrolysis conditions are 
sufficient to sublime and transport formed or introduced levoglucosan from the pyrolysis 
furnace without any degradation. The effect of temperature on the chemical speciation 
obtained from pyrolysis of cellulose samples is shown in Figure 8. The pyrolysis of pure 
cellulose was complete at 350°C and primarily produced anhydro sugars and 5-
hydroxymethylfurfural. Noticeable amounts of low molecular weight compounds were only 
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generated at temperatures >450°C from pure cellulose, whereas, significant amounts of these 
species (approximately 8 wt% formic acid and 17 wt% glycolaldehyde) were generated at 
450°C when ash was present.  The influence of temperature on pyrolysis speciation from 
pure cellulose only became prominent at 500°C and higher.  A steady decline in the 
levoglucosan yield from 59 wt% at 500°C to 48 wt% at 600°C was accompanied by a 
dramatic increase in the yield of formic acid from 9 wt% to about 28 wt%.  
 
Figure 8. Effect of temperature on pyrolysis speciation of pure cellulose and cellulose doped with 0.5 
wt% of switchgrass ash 
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In the case of cellulose doped with switchgrass ash, levoglucosan (~ 30 wt%) and 
char (~20 wt%) were the major pyrolysis products at temperatures below 400°C. Reactions 
producing glycolaldehyde and formic acid were dramatically accelerated at the temperatures 
≥ 450°C with yields up to ~ 30 and 25 wt%, respectively, at 600°C. It was apparent from 
these results that the competing reactions that led to the formation of low molecular weight 
species (mainly formic acid and glycolaldehyde) from cellulose were initiated at lower 
temperatures in the presence of ash with significant increases starting at 500
o
C with pure 
cellulose and at 450°C with ash-doped cellulose.  
Conclusions 
The catalytic effects of inorganic salts and switchgrass ash as well as the influence of 
temperature on the primary cellulose pyrolysis reactions were studied and the resulting 
distribution of a) low molecular weight species – formic acid, glycolaldehyde and acetol; b) 
furan ring derivatives – 2-furaldehyde and 5-hydroxymethyl furfural; c) Anhydro sugars – 
levoglucosan was exclusively reported. The study shows that primary pyrolysis reaction 
products are formed via competitive reactions. Inorganic salt concentrations as low as 0.005 
mmoles/g of cellulose were found sufficient to dramatically change the resulting pyrolysis 
speciation.  Inorganic salts/ash catalyzed the primary reactions that led to the formation of 
lower molecular weight species (especially formic acid, glycolaldehyde and acetol) from 
cellulose. As a result of faster competing reactions, lower levoglucosan yields were observed. 
Relative to the reduction in levoglucosan yield the following trends were observed: a) cations 
– K+ > Na+ > Ca2+ > Mg2+; b) anions – Cl- > NO3
-
 ≈ OH- > CO3
2-
 ≈ PO4
3-
. The pyrolysis of 
pure cellulose at temperatures ≤ 400°C resulted in a pyrolysis product rich in anhydro sugars 
whereas pyrolysis at 600°C produced levoglucosan (48 wt%) and formic acid (28 wt%) as 
the major products. Pyrolysis at similar temperatures of ash-doped cellulose produced 
glycolaldehyde as the major product in addition to levoglucosan and formic acid.  The study 
suggested that careful control of mineral content and pyrolysis temperature could be used to 
alter the composition of the product bio-oil. Similar methodology can be used as a basis for 
understanding the pyrolysis behavior of hemicelluloses and lignin. By understanding the 
individual components a more systematic approach to whole biomass will be possible. 
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Chapter 5. Product distribution from the fast pyrolysis of 
hemicellulose 
A paper to be submitted to ChemSusChem 
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Abstract  
Hemicellulose is one of the major constituents of biomass. Surprisingly, very limited 
information is available in the literature reading its pyrolysis product distribution 
(specifically bio-oil composition). In the present study, a combination of several analytical 
techniques including micro-pyrolyzer-GC-MS/FID, De-Jaye gas analyzer and Capillary 
Electrophoresis were used to study the primary pyrolysis product distribution of 
hemicelluloses extracted from switchgrass. A total of 16 products were identified and 
quantified, which accounted for 85% of the mass balance. The pyrolysis behaviour of 
hemicellulose was found to be considerably different than cellulose and was explained on the 
basis of proposed mechanism for glycosidic bond cleavage. Further, the effect of minerals 
and temperature was investigated. The study provides insight on the pyrolysis behaviour of 
hemicellulose and provides a basis for developing models that can predict bio-oil 
composition resulting from overall biomass pyrolysis.   
Introduction 
In recent years, fast pyrolysis process has attracted increasing interest as it can 
directly convert solid biomass into a liquid product called ‗bio-oil‘ or ‗bio-crude‘. Bio-oil has 
been envisioned as a renewable alternative for crude oil that can be processed in existing 
petroleum refineries to produce transportation fuels. However, the main problems facing bio-
oil upgrading are its complex chemical composition, undeveloped analytical techniques and 
lack of systematic understanding of pyrolysis processes. The chemical composition of bio-oil 
depends on several factors including lignocellulosic composition, mineral content, reaction 
temperature and vapor residence time. Due to complexity associated with deconvoluting 
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these factors, most of the previous studies related to biomass pyrolysis have focused on broad 
pyrolysis product categories: bio-oil (liquid), char (solid) and non-condensable gases (gas). 
Detailed knowledge of bio-oil composition and how it is affected as a function of pyrolysis 
conditions is essential for cost-effective bio-oil production and its upgrading to fuels and 
commodity chemicals. In previous publications by our group, we reported the primary 
pyrolysis product distribution of glucose-based carbohydrates
1
, lignin
2
 and influence of 
temperature and presence of minerals on cellulose and lignin pyrolysis
2, 3
. In this paper, we 
report the product distribution resulting from the pyrolysis of hemicellulose, which accounts 
for about 20-35 wt% of lignocellulosic biomass.  
Hemicellulose is comprised of the non-cellulosic carbohydrates found in the 
lignocellulosic biomass. Surprisingly, very limited information is available in the literature 
regarding its pyrolysis because of its relatively complex, less well defined structure and 
unsatisfactory isolation techniques. Commercially available xylan (a straight chain polymer 
of xylose) has been often used by previous researchers as a proxy for hemicellulose. 
Shafizadeh et al.
4
 first studied the pyrolysis of xylan and reported typical product yields from 
the slow, low temperature pyrolysis of xylan as: 31 wt% char, 31 wt% water-soluble portion 
of bio-oil, 16 wt% tar (mainly oligosaccharides of xylose) and 8 wt% CO2. More recently, 
Yang et al.
5, 6
 studied the pyrolysis behavior of xylan using a thermogravimetric analyzer 
(TGA) and differential scanning calorimeter (DSC). They found that the xylan 
decomposition occurred mainly at the temperatures ranging between 220-315°C with the 
maximum weight loss occurring at 260°C. The lower threshold for thermal degradation of 
xylan compared to other biomass components was attributed to lower degree of 
polymerization. They also observed an exothermic peak corresponding to xylan 
decomposition and attributed it to exothermic char formation, which yielded about 22 wt% 
char from the xylan. Recently, Aho et al.
7
 have reported similar overall product yields from 
slow pyrolysis of galactoglucomannan (the form of hemicellulose typically found in 
softwood). These were: 31.2 wt% char, 18.6 wt% water, 12.1 wt% bio-oil, 2.3 wt% CO and 
12.5 wt% CO2.  
Reaction temperature and minerals in biomass significantly influence pyrolysis 
product distribution. As a polysaccharide, hemicellulose is expected to react similarly to 
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cellulose. As reported previously
3
, pyrolysis of cellulose in the presence of minerals as low 
as 0.1 wt% produces significant amounts of low molecular weight species and char. It should 
be pointed out that the hemicellulose isolation techniques result in significant amount of 
mineral residues in the hemicellulose, which needs to be further purified. This fact has been 
overlooked by the previous researchers, who have used hemicellulose isolated from different 
biomass feedstocks such as spruce wood 
7
 and birchwood
5, 6, 8
. Shefizadeh et al.
4, 9
 and 
Ponder and Richards
10
 have used synthetic xylan (a product of random polymerization of 
xylose) as a model feedstock to represent hemicellulose. Shafizadeh et al.
4, 9
 reported an 
increase in char yield from 31.1 to 42.2 wt% when the synthetic xylan sample was doped 
with approximately 1 wt% ZnCl2. Similarly, Ponder et al.
10
 reported that the addition of 1 
wt% NaCl to xylan enhanced the formation of one, two and three carbon containing 
compounds during pyrolysis. This increase was also accompanied by decrease in the yield of 
anhydro sugars (1,4-anhydro xylopyranose). The effect of other minerals that have a 
significant effect on the pyrolysis of cellulose (alkali metals and alkaline earth metals) has 
not been extensively studied for hemicelluloses pyrolysis.  
It should be pointed out that most previous studies were carried out under conditions 
of low temperature slow heating and might be expected to have product yields that are 
significantly different from ‗fast‘ pyrolysis. Further, these studies do not distinguish between 
primary and secondary pyrolysis products and focus on overall yields of solids, liquids and 
gases rather than molecular speciation. 
Given the complexity of pyrolysis and paucity of well-developed analytical 
techniques to study it, the lack of fundamental understanding of pyrolysis is not surprising. 
To our knowledge, the literature contains no studies on product distributions from the 
pyrolysis of hemicellulose isolated from biomass. The purpose of this work was to isolate 
hemicellulose from biomass and study fast pyrolysis product distribution under conditions 
that minimize secondary reactions. Further, the effects of temperature, inorganic salts (NaCl, 
KCl, MgCl2 and CaCl2) and switchgrass-derived ash on the resulting bio-oil speciation was 
investigated.  
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Experimental Section 
Hemicellulose isolation and purification 
Hemicellulose used in this study was isolated from switchgrass using the following 
method. Switchgrass was procured from the Agronomy Farm of Iowa State University. The 
‗as received‘ switchgrass was ground to < 500 μm particle size using a knife mill. 
Hemicellulose extraction involved two steps: first extracting lignin-free holocellulose (a 
mixture of hemicellulose and cellulose) from the switchgrass and, secondly, extracting 
hemicellulose from the holocellulose.  
Ten grams of ground switchgrass was added to 320 ml deionized water and heated to 
70°C in an Erlenmeyer flask. At this point 1 ml glacial acetic acid and 3 g sodium chlorite 
were added to the mixture for the purpose of delignifying the biomass. The flask was capped 
to prevent the loss of chlorine and chlorine dioxide formed in situ. The mixture was 
maintained at 70°C for an hour with continuous stirring. The addition of 1 ml acetic acid and 
3 g sodium chlorite was repeated at the end of first and second hour followed by heating for 
another hour. At the end of the third hour, the flask was cooled to room temperature and 
filtered to obtain a holocellulose residue. The residue was washed with deionized water 
followed by drying at 50°C for 24 hours to recover holocellulose. 
Hemicellulose was extracted from the holocellulose using an aqueous 1% KOH 
solution. The extraction was carried out at 50°C for nearly 12 hours. The extract was added 
with concentrated HCl to adjust its pH to 4-5, followed by addition of twice the amount of 
95% ethanol to precipitate out hemicellulose. The hemicellulose precipitate was allowed to 
settle overnight, followed by separation using a centrifuge. The hemicellulose pellet was 
further washed thrice with 25 ml portions of ethanol, followed by a wash with 25 ml portion 
of acetone. The pellet was dried over a vacuum filter, followed by drying in oven at 55°C for 
24 hours.       
In order to remove any residual impurities (mainly NaCl), the hemicellulose was 
further purified using dialysis. About 2 g of hemicellulose was mixed with approximately 10 
ml deionized water and the mixture was fed to a dialysis bag with molecular weight cut off of 
500 Da. The dialysis bag was suspended in a 1 liter beaker filled with deionized water. The 
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dialysis was continued for four days with changing the water from the beaker with the fresh 
deionized water every 12 hours.  
Hemicellulose characterization 
The ash content of the purified hemicellulose was determined by oxidizing a 0.5 g 
sample in a furnace at 575°C for approximately 6 hours. The concentration of selected 
elements (mostly alkali and alkaline earth metals) in the purified hemicellulose was 
determined by induced coupled plasma emission spectrometer (ICPES, model Ciros CCD, 
Spectro Analytical Instruments Company). One-half gram of purified hemicellulose was 
placed in a 25 ml digestion tube to which 10 ml nitric acid was added. The sealed digestion 
tubes were heated in a programmed microwave for 22 minutes. The microwave program 
consisted of three heating cycles of different set pressures: 40 psi for 6 minutes; 85 psi for 6 
minutes; and 140 psi for 10 minutes. After digestion, the digestion tube was cooled to near 
room temperature and the contents were diluted to 100 ml using deionized water and 
volumetric flask followed by ICPES analysis.  
The monosaccharide content of the hemicellulose sample was determined as follows. 
A sample of purified hemicellulose was hydrolyzed in 4% aqueous sulfuric acid at 100°C for 
12 hours. The monosaccharide content of the hydrolyzed sample was determined using 
Dionex 3000 Ion Chromatograph (IC) equipped with an electrochemical detector.  
Salt/ash impregnation 
The salts used in this study (NaCl, KCl, MgCl2 and CaCl2) were purchased from 
Fischer Scientific as ACS grade chemicals with > 99.5% purity. Switchgrass ash was 
prepared by subjecting the ‗as received‘ switchgrass to oxidation in a furnace at 575°C for 
approximately six hours. The residue remaining was designated ‗switchgrass ash‘. The 
composition of this ash was determined using X-ray florescence (XRF) as reported in a 
previous publication 
3
. 
The doping of purified hemicellulose with mineral salts or ash was accomplished by 
dissolving appropriate amounts of salt or ash in 20 ml deionized water followed by the 
addition of 0.5 g of purified hemicellulose, which appeared to be partly soluble in water. The 
samples were dried in an oven at 80°C under vacuum for 12 hours. After drying, samples 
were ground and sieved through 75 μm sieve.  
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Pyrolyzer – GC – MS/FID Experiments 
Pyrolysis experiments were performed using a single shot micro-pyrolyzer equipped 
with an autosampler (model 2020iS, Frontier Laboratories, Japan). The micro-pyrolyzer 
consisted of a quartz pyrolysis tube of 4.7 mm inner diameter and 114 mm in length. The 
quartz tube was surrounded by a tubular furnace providing uniform heat throughout. The 
furnace was calibrated to read the centerline temperature of the pyrolysis tube. Continuous 
flow of helium gas with linear velocity 51.3 cm/s was maintained through the pyrolysis tube 
throughout the experiments which provided the inert atmosphere for pyrolysis reactions and 
also helped sweep the emerging pyrolysis products out of the reactor as soon as they were 
produced. The micro-pyrolyzer assembly was closely coupled to a Varian CP3800 gas 
chromatograph (GC) to minimize secondary pyrolysis reactions.  Detectors used in 
conjunction with the GC included a Saturn 2200 mass spectrometer (MS) and a flame 
ionization detector (FID). The operational control of the micro-pyrolyzer was synchronized 
with the GC-MS/FID system, which allowed automatic control of the combined reactor-gas 
analyzer system. In previous studies, no significant differences in product distributions were 
observed for samples in the mass range of 200-800 µg when ground to particle size ≤ 75 µm, 
suggesting a regime of negligible heat/mass transfer limitations.
1
 Hence, for each experiment, 
approximately 500 µg of the feedstock sample ground to particle size ≤ 75 µm was loaded 
into a deactivated stainless steel sample cup. The loaded cups were purged with helium for 
30 seconds before being released to fall by gravity into the quartz pyrolysis tube situated 
inside the furnace, which was preheated to 500°C unless otherwise stated. The time for the 
sample to drop into the furnace was only 15-20 milliseconds during which it was heated to 
the pyrolysis temperature, achieving heating rates > 2000°C/s. The sample cups were 
weighed before and after pyrolysis using a Mettler Toledo microbalance, sensitive to 1 µg, to 
determine the initial sample weight and the weight of the final residual char.  
The chromatographic separation of the pyrolysis products was performed using an 
alloy capillary column (Ultra Alloy – 5, Frontier Laboratories, Japan) having high thermal 
resistance (30 m x 0.250 mm and 0.250 μm film thickness with stationary phase consisting of 
5% diphenyl and 95% dimethylpolysiloxane) with a carrier gas flow of 2 ml/min. An injector 
temperature of 300°C and a split ratio 1:100 was used.  The GC oven temperature program 
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began with a 3 min hold at 35°C followed by heating to 130°C at 5°C/min and then to 250°C 
at 20°C/min.  The final temperature was held for 2 min. For product identification, the GC 
was connected to the MS. The mass spectra were recorded in the electron ionization mode 
with a 10 μamp emission current in the range from m/z 10 to 180. After peak assignments, 
the FID was calibrated for all the confirmed pyrolysis products. For quantifying the pyrolysis 
products, an FID was used to record the chromatogram with a detector temperature of 300°C, 
H2 flow rate of 28 mL/min and airflow rate of 300 mL/min.  
The split stream of GC was connected to the De-Jaye gas analyzer (equipped with 
infra-red (IR) detector cell) which was calibrated to read CO and CO2 concentrations in the 
split stream. These concentrations were recorded every second during the course of pyrolysis, 
which usually resulted in a 1.5 and 2.5 minutes wide peaks respectively. These peaks were 
integrated to determine the quantitative yields of CO and CO2.  
Water formed during the pyrolysis was determined theoretically as a stoichiometric 
reaction product of the formation of dehydration products such as dianhydroxylopyranose 
(DAXP) (single dehydration product), furfural (double dehydration product), and assuming 
char as pure carbon (One mol of char would therefore produce 0.8 mol of water, assuming 
the empirical formula C5H8O4 for hemicellulose).      
Recovery of Non-Volatile Products 
Separate experiments were performed to collect the non-volatile products of 
hemicellulose pyrolysis, which are not detected by GC. This was achieved by replacing the 
column in the GC by an unheated 10 cm long inert tube that served as a transfer line leading 
to a beaker of methanol chilled by an ice bath. Pyrolysis vapors and aerosols leaving the 
micro-pyrolyzer were captured both on the walls of the transfer line and in the methanol 
solution. At the end of a pyrolysis trial, fresh methanol was poured through the transfer line 
to assure recovery of all condensate. The methanol-condensate solution was placed in a 45°C 
oven overnight to allow methanol and other volatile compounds to evaporate, leaving behind 
a liquid representing the non-volatile fraction (NVF) of bio-oil.  
The NVF was analyzed for presence of reducing sugars through derivatization and 
capillary electrophoresis. Approximately 100-200 μg of the NVF was treated with 2 μL of 
0.2 mM solution of 8-Aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS reagent) in 
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15% v/v solution of acetic acid in water and 2 μL of 1 M solution of NaBH3CN in 
tetrahydrofuran. This derivatization reaction was incubated overnight at 42°C followed by 
cooling in ice and addition of 96 μL of deionized water to stop the reaction.  
Capillary electrophoresis analysis was performed on a P/ACE MDQ Glycoprotein 
System (Beckman Coulter, USA). Samples were injected at 0.5 psi for 5 seconds into ‗N-
CHO coated‘ capillary column obtained from ProteomeLab (reverse polarity, 65 cm in length 
and 50 μm in inner diameter). The separation was achieved using 25 mM sodium tetraborate 
buffer (pH 9.2), at 23.6 kV. The temperature of the capillary in the instrument was controlled 
to 20°C. A laser induced fluorescence (LIF) detector employing a 3 mW Ar-ion laser 
(excitation wavelength of 488 nm and emission wavelengths of 520 nm) was used to detect 
the peaks. The data was processed using the 32Karat software package (Beckman Coulter).  
Results and Discussion 
Hemicellulose characterization 
The hemicellulose yield from switchgrass was about 16 wt%, considerably lower than 
its actual hemicellulose content of about 31 wt%, reflecting the low efficiency of the alkaline 
extraction processed employed. Saccharide analysis (ash and moisture free basis) of the 
hemicellulose obtained from the switchgrass used in this study found the following sugar 
content: xylose 66.2 wt%, arabinose 14.2 wt%, glucose 3.3 wt% and galactose 3.8 wt%. The 
remaining 12.5 wt% represents oligomers that did not hydrolyze. 
Ash content of the extracted hemicellulose was 1.3 wt%, which was reduced to <0.1 
wt% after dialysis. In comparison, the commercially available xylan, extracted from birch 
wood, contained 8.3 wt% ash. The concentration of selected metals in the hemicellulose and 
xylan samples is given in Table 9.  
The xylan obtained commercially contained significant quantities of sodium, 
potassium and calcium at levels known to strongly influence the course of cellulose 
pyrolysis.
3
 A similar influence would be expected for xylan and hemicellulose, as 
subsequently described. The hemicellulose extracted in this study showed significantly lower 
quantities of impurities, as much as thirty fold in the case of sodium. This is possibly due to 
the lower concentrations of alkali solution (1N) used to extract hemicellulose. In spite of the 
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lower concentration of the alkali solutions employed for hemicellulose extraction, alkali and 
alkaline earth metals which act as catalysts for hemicellulose deconstruction, were present in 
the extracted hemicellulose at concentrations exceeding 50 ppm and as high as 1545 ppm in 
the case of potassium, the most active pyrolysis catalyst among the alkali and alkaline earth 
metals. Fortunately, dialysis was able to significantly reduce impurities in of the extracted 
hemicellulose, with potassium reduced fifteen fold to 98 ppm and other metals reduced to 
less than 10 ppm. Based on previous experiments with cellulose, this was deemed 
sufficiently purified for pyrolysis experiments free of catalytic influences. Dialysis of 
commercially available xylan for seven days resulted in the relatively purified sample of 
xylan with decrease in overall ash content from 8.3 wt% to 0.9 wt%. Further purification of 
this sample was not possible. Nevertheless, chromatogram resulting from the pyrolysis of 
same amounts of xylan and dialyzed xylan samples (see Figure 9) clearly shows the indicated 
the effect of mineral impurities. The residual char yield from the pyrolysis of xylan sample 
also decreased from 28 wt% to 13 wt% in the case of dialyzed xylan sample. In this paper, 
the term ‗hemicellulose‘ refers to the ‗purified hemicellulose extracted from switchgrass (ash 
content < 0.1 wt%)‘ which was used in this study.   
Table 9. Minerals and overall ash content of switchgrass hemicellulose, dialyzed switchgrass 
hemicellulose and beechwood xylan 
 
*commercially purchased from Sigma-Aldrich Chemical Company 
All numbers are in ppm, 
Overall ash content is based on wt%, 
 n.d. – not detected. 
Element 
Beechwood 
Xylan* 
Switchgrass 
Hemicellulose 
(as extracted) 
Switchgrass 
Hemicellulose 
(dialyzed) 
K 2222 1548 98 
Na 17980 676 < 10 
Mg 140 49 < 10 
Ca 2326 528 < 10 
Al 28 114 < 10 
Fe 6 101 < 10 
Cu n.d. 4 n.d. 
Zn n.d. 15 n.d. 
Mn n.d. 5 n.d. 
Overall ash 
content 
8.3 1.3 < 0.1 
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Figure 9. Chromatograms resulting from the pyrolysis of same amount of a) xylan (ash content 8.3 
wt%) and b) dialyzed xylan (ash content 0.9 wt%) (see Table 10 for peak information) 
Product identification 
A chromatogram resulting from the pyrolysis of hemicellulose is shown in Figure 10. 
A total of 12 major peaks were evident, out of which 6 peaks (peaks 1-6 in Figure 10) were 
definitively identified based on the mass spectrum match and confirmation by running pure 
standards (see Table 10 for peak information). Peaks 7, 8, 9 and 10 showed very similar mass 
spectra corresponding to a compound with molecular weight 114. These compounds are the 
double dehydration products of xylose. Based on the 
1
H-NMR and 13C-NMR spectrum of 
the non-volatile fraction resulting from pyrolysis of xylan, Ponder and Richards
10
 reported 
the presence of 5-hydroxy-2H-pyran-4(3H)-one and 4-hydroxy-5,6-dihydro-2H-pyran-2-one. 
These isomers have molecular weight 114 and are thought to be the dehydration products 
from xylose; however the peaks could not be definitively confirmed in the absence of 
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commercial available standards for them. Peaks 8 and 9 are reported here as dianhydro 
xylose 1 (DAXP1) and dianhydro xylose 2 (DAXP2), respectively, and peaks 7 and 10 are 
referred to as ‗other dianhydro xylose‘ (other DAXP). Calibration of 4-Hydroxy-5-methyl-3-
furanone (molecular weight 114) was used to determine the yield of these compounds. Peaks 
11 and 12 showed mass spectra similar to those of anhydro sugars. Peak 11 was evident in 
the pyrolysis of pure xylose and is thought to be anhydro xylopyranose (AXP). Peak 12 was 
reported as other ‗anhydro xylopyranose‘ (other AXP). Because standards are not 
commercially available for these compounds levoglucosan (1,6-anhydro-β-D-glucopyranose) 
was used as a proxy to estimate their yields.  
 
Figure 10. Chromatogram showing the pyrolysis products of switchgrass hemicellulose  
Table 10. Peak identification information of the primary pyrolysis products of hemicellulose 
Peak No. Compound Major ions 
1 Acetaldehyde 18, 29, 44 
2 Formic Acid 18, 45, 46 
3 2-methyl furan 39, 53, 82 
4 Acetic acid 43, 60 
5 Acetol 43, 74 
6 2-furaldehyde 39, 96 
7, 10 Other DAXP 43, 55, 58, 114 
8 DAXP 1 27, 43, 55, 86, 114 
9 DAXP 2 29, 58, 85, 114 
11 AXP 29, 43, 73, 86, 114  
12 Other AXP 29, 57, 73, 86, 114 
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Quantification of pyrolysis product distribution 
The pyrolysis products of pure hemicellulose can be classified into three categories 
(see Figure 10): a) low molecular weight compounds – mainly one, two and three carbon 
containing species such as CO, CO2, formic acid, acetaldehyde, acetic acid and acetol; b) 
furan/pyran ring derivatives – 2-methyl furan, 2-furaldehyd, DAXP1, DAXP2 and other 
DAXP and c) anhydro sugars – AXP and ‗other AXP‘. The average yields of these species 
from three pyrolysis runs are shown in Table 11. 
Table 11. Primary pyrolysis product distribution resulting from hemicellulose pyrolysis at 500°C  
Compound Average 
Standard 
Deviation 
CO 2.8 0.1 
CO2 18.8 0.2 
Acetaldehyde 0.7 0.1 
Formic Acid 11.0 0.3 
2-methyl furan 1.5 0.1 
Acetic acid 1.1 0.1 
Acetol 3.0 0.1 
2-furaldehyde 2.2 0.1 
DAXP 1 1.6 0.1 
DAXP 2 7.0 0.1 
Other DAXP 0.6 0.1 
AXP 2.0 0.1 
Other AXP 1.4 0.2 
Char 10.7 0.5 
Xylose 4.9 1.1 
Water* 15.1 - 
Total 84.3 - 
All numbers are wt%. 
*Calculated theoretically. 
The product distribution purified hemicellulose pyrolysis is distinct from purified 
cellulose pyrolysis. Levoglucosan – a single dehydration product of glucose – was the 
predominant product of pure cellulose pyrolysis, whereas in the case of pure hemicellulose 
pyrolysis, DAXP2 – a double dehydration product of xylose - was found to be the major 
product. Hemicellulose also produced 4.9 wt% of xylose, as determined by capillary 
electrophoresis of the non-volatile fraction of hemicellulose pyrolysis. The char yield from 
hemicellulose pyrolysis was about 10.7 wt%, as compared to 5 wt% from cellulose. The 
reason for this difference can be explained by proposing an analogous mechanism for 
hemicellulose depolymerization as proposed by  Ponder et al.
11
 for cellulose 
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depolymerization.  As illustrated in Figure 11, during cellulose pyrolysis, the cleavage of a 
glycosidic linkage between pyranose rings forms a glucosyl cation, which is stabilized by the 
formation of 1,6-anhydride. The subsequent cleavage of the glycosidic bond linking the 
anhydride to the end of the polymer chain yields levoglucosan. However, in case of 
hemicellulose, the xylosyl cation cannot form a stable anhydride because of the absence of 
sixth carbon and already substituted oxygen at the fourth position. Under this constraint, the 
xlosyl cation can undergo subsequent glycosidic bond cleavage and dehydration which yields 
DAXP1 and DAXP2. The glycosidic bond cleavage followed by addition of H
+
 and OH
-
 
(presumably due to the presence of large amount of water in the vicinity) can yield xylose. It 
should be noted that formation of glucose was not observed during pyrolysis of cellulose, 
possibly due to the preferable depolymerization leading to the levoglucosan formation and 
generation of significantly less amount of water during its pyrolysis. Xylosyl cation can also 
undergo transglucosylation reaction with other polymeric xylosyl anions leading to the 
formation of longer polymers which eventually undergo dehydration leading to the formation 
of char.   
 
Figure 11. Difference in the pyrolysis of cellulose and hemicellulose 
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It should be pointed out that the char yield observed in our experiments is remarkably 
lower than the char yield reported in the literature. Yang et al.
5
 have reported char yield of 
about 22 wt% from commercially purchased birchwood xylan. We have observed high ash 
content of about 8.5 wt% in this sample, which can significantly affect the pyrolysis product 
yields. Shafizadeh et al.
4
 and Aho et al.
7
 have reported char yields of about 31 wt% from the 
pyrolysis of synthetic xylan and galactoglucomannan respectively, whereas Ponder et al.
10
 
have reported char yields of 48 wt% from xylan pyrolysis. The high char yields reported in 
those studies are likely the result of slower heating rates and the high ash content of the 
hemicellulose. 
Besides DAXP1, DAXP2, xylose and char, significant amounts of low molecular 
weight compounds such as CO2, formic acid and acetol were formed during the pyrolysis of 
pure hemicellulsoe. This could be attributed to the branched, amorphous structure and low 
degree of polymerization of hemicellulose, which makes it more susceptible to thermal 
degradation than cellulose. Hemicellulose is also contains glucoronic acid groups, a 
monomeric sugar having carboxylic acid functionality instead of regular alcohol or aldehyde 
functional groups). Glucoronic acid is prone to decarboxylation during pyrolysis, leading to 
the formation of CO2 and formic acid. 
A theoretical calculation of water produced as a by-product of reaction producing 2-
furaldehyde, DAXP1, DAXP2, other DAXP and char (assuming char as pure carbon) 
suggested that about 15 wt% of water will be produced from the hemicellulose pyrolysis. 
Furthermore, an elemental balance together with the mass balance shown in Table 11 
suggested that the unaccounted 15wt% of the mass balance was comprised of about 12 wt% 
carbon, 2 wt% hydrogen and 1 wt% oxygen (the molar ratio of C1H2O0.05). This calculation 
indicates that H2 as well as hydrocarbons such as CH4, C2H6 could form during hemicellulose 
pyrolysis. Since these are not measured, they could account for the unresolved mass balance. 
As proposed in a previous study by our group
1
, primary pyrolysis of cellulose appears 
to consist of two competing pathways: depolymerization to anhydrosugars and pyranose 
ring-breaking to light oxygenated species. It is reasonable to expect that hemicellulose 
exhibits similar competing pyrolysis pathways, consisting of depolymerization and 
dehydration to furan and pyran ring derivative and furanose and pyranose ring-breaking to 
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light oxygenated species.  The results of the present study support this model of competing 
reaction pathways for hemicellulose pyrolysis.  
Effect of mineral salts and ash 
The catalytic effect of alkali and alkaline earth metals on hemicellulose pyrolysis 
were investigated by impregnating 5 wt% NaCl, KCl, MgCl2, CaCl2 and switchgrass-derived 
ash with purified hemicellulose. Product distributions obtained upon pyrolysis at 500°C are 
shown in Table 12.  All five treatments showed similar effects on product distribution, 
promoting the formation of non-condensable gases, light oxygenates, and char at the expense 
of dianhydro xyloses and other sugar dehydration products. 
The yield of CO2 was significantly enhanced by the presence the salts and ash, 
whereas no significant change in the yield of CO was observed. Alkali metal chlorides 
increased the formation of CO2 by a greater extent than alkaline earth metal chlorides. Char 
yield increased from about 10.7 wt% for pure hemicellulose to 17.5 wt% in the presence of 
alkali metals and 28-29 wt% for alkaline earth metals. The switchgrass-derived ash, despite 
containing a significant fraction of inactive components like silicon oxide, increased char 
yield to 21.1 wt%.  
Acetaldehyde yields increased in the presence of alkali salts but decreased in the 
presence of alkaline earth salts. Surprisingly, formic acid and acetol decreased for all five 
treatments.  In contrast, these light oxygenates were promoted during pyrolysis of cellulose 
in the presence of alkali and alkaline earth metals. It would appear that in the case of 
hemicellulose that the salts encouraged dehydration and decarboxylation to char and CO2, 
respectively. On the other hand, no significant change in the yield of acetic acid was 
observed.  
All salts increased the formation of 2-furaldehyde, ranging from 70% increases for 
the alkali metals and five-fold increases for the alkaline earth metals. A similar effect was 
observed in our studies of cellulose pyrolysis.  In the case of hemicellulose pyrolysis, 
increases in 2-furaldehyde were accompanied by decreases in other xylose dehydration 
products such as DAXP1, DAXP2, other DAXP, AXP and other AXP. Whereas these 
dehydration products retain
 8
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Table 12. Effect of minerals and overall ash on the hemicellulose pyrolysis product distribution 
Compound 
Switchgrass 
hemicellulose 
as extracted 
Switchgrass 
hemicellulose 
+ 5% NaCl 
Switchgrass 
hemicellulose 
+ 5% KCl 
Switchgrass 
hemicellulose 
+ 5% MgCl2 
Switchgrass 
hemicellulose 
+ 5% CaCl2 
Switchgrass 
hemicellulose 
+ 5% ash 
CO 2.8 3.8 2.4 3.8 3.7 3.1 
CO2 18.8 23.0 20.5 19.7 19.6 20.4 
Acetaldehyde 0.7 1.1 1.2 0.3 0.3 0.7 
Formic Acid 11.0 8.4 7.4 7.1 7.5 11.3 
2-methyl furan 1.5 1.5 0.6 0.2 0.2 1.7 
Acetic acid 1.1 1.5 1.8 1.3 0.9 1.5 
Acetol 3.0 2.0 1.7 1.5 1.0 3.3 
2-furaldehyde 2.2 3.7 3.7 11.6 11.0 1.5 
DAXP 1 1.6 1.3 1.2 n.d. 0.6 0.8 
DAXP 2 7.0 5.8 6.9 0.5 2.6 4.5 
Other DAHX  0.6 0.2 0.2 n.d. 0.1 0.3 
AXP 2.0 1.7 1.5 1.2 1.1 1.2 
Other AXP 1.4 1.2 1.3 1.3 1.3 1.3 
Xylose 4.9 2.2 1.6 n.d. n.d. 3.0 
Char 10.7 17.6 17.5 29.2 28.0 21.1 
All numbers are wt%,  
n.d. – not detected. 
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 the pyranose structure of the xylose unit, the formation of 2-furaldehyde involves opening of 
the xylopyranose ring, followed by the formation of a furanose ring and its dehydration. It is 
plausible that both – dehydration of xylofuranose to 2-furaldehyde and the transformation of 
xylopyranose to xylofuranose are facilitated by the presence of alkali and alkaline earth metal 
chlorides. Interestingly, switchgrass-derived ash suppressed formation of dehydration 
products including 2-furaldehyde, DAXP2 and AXP, implying the anion counterpart in the 
salt could also be playing a role in the dehydration reaction. 
Whereas xylose made up almost 5wt% of the pyrolysis product of pure hemicellulose, 
addition of NaCl and KCl decreased xylose to 2.2 and 1.6 wt%, respectively while the 
addition of alkaline earth metals made sugars undetectable.  
Effect of temperature 
To assess the effect of temperature on hemicellulose pyrolysis, pure hemicellulose 
was pyrolyzed in the temperature range 250-600°C, there results of which are shown in 
Figure 12. At 250°C, hemicellulose pyrolysis produced mostly CO2 and char (more than 80 
wt% char). Apparently, some of the hemicellulose did not react at all and so these results are 
not included in Figure 12. Nevertheless, the presence of CO2 and char indicate the onset of 
decarboxylation and dehydration of the hemicellulose at this point. Carbon dioxide yields 
show notable increases over two temperature ranges.  In increasing the temperature from 
250°C to 400°C, CO2 increases from 2.7 wt% to 17 wt%. No further increase is observed 
until the temperature interval between 500°C and 600°C where CO2 increases to 24 wt%. At 
lower temperature interval, carboxylic and carbonyl functional groups present in 
hemicellulose are prone to decompose, whereas at the higher temperature range abscission of 
C-C and C-O bonds are more likely to occur. Similar behavior in CO2 evolution has been 
reported by Yang et al. 
5
, who observed three distinct peaks at 280°C, 450°C and 658°C 
corresponding to CO2 evolution from the hemicellulose pyrolysis in a thermogravimetric 
analyzer.  
Compared to CO2, evolution of CO was small, showing a gradual increase in yield 
from 0.5 wt% at 300°C to 4.7 wt% at 550°C. Formation of low molecular weight 
compounds, especially formic acid and acetol was found to be significant at temperatures ≥ 
350°C. The yield of formic acid increased almost linearly from about 5.4 wt% at 350°C to 
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15.6 wt% at 600°C (see Figure 12). This result is similar to the pyrolysis of pure cellulose 
where the yield of formic acid increased almost linearly with temperature. Single, double and 
triple dehydration products showed different optimal temperature for their formation. The 
yield of 2-furaldehyde peaked between 350-400°C, whereas the DAXP2 showed a broad 
peak yield between 350-450°C.Optimal yield of AXP occurred at 350°C. At higher 
temperatures, low molecular weight species, especially CO2 and formic acid, prevail over 
other species. Char yield decreased with increasing temperature from almost 24 wt% at 
300°C to 6.3 wt% at 600°C. After a steep decline from 300°C to 350°C, the decrease in char 
yield was almost linear between 350°C and 600°C. 
 
Figure 12 Effect of pyrolysis temperature on the pyrolysis products of switchgrass hemicellulose 
Conclusion 
Hemicellulose was isolated from switchgrass by alkaline extraction and purified using 
a dialysis technique. The primary products of pyrolysis of pure hemicellulose, in decreasing 
abundance, were CO2, formic acid, char, DAXP2, xylose, acetol, CO, 2-furaldehyde, and 
AXP. The char yield observed in our study was relatively lower (10 wt%) as compared to 
that reported in the literature, as a result of employing high heating rates and ash-free 
hemicellulose. The effect of inorganic salts (NaCl, KCl, MgCl2 and CaCl2) and switchgrass-
derived ash on product distribution was investigated. All the inorganic salts and ash increased 
the formation of CO2 and char. Inorganic salts, especially the alkaline earth metal chlorides 
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strongly enhanced the formation of 2-furaldehyde. The increase in yield of 2-furaldehyde 
was accompanied by decreases in the yields of other dehydration products. The salts also 
decreased the formation of low molecular weight species such as formic acid and acetol, 
possibly due to competing reactions that produced char and CO2. Decarboxylation appears to 
be one of the preliminary steps of hemicellulose decomposition. The yield of CO2 showed 
major increases starting at 300°C and 550°C suggesting formation of CO2 via different 
reaction mechanisms. The yield of low molecular weight species was enhanced by increasing 
temperature whereas char yield decreased with temperature. The dehydration products, 2-
furaldehyde, DAXP1, DAXP2 and AXP showed optimal yields in the temperatures range of 
350-450°C.  
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Abstract 
In the present study, pyrolysis of cornstover lignin was investigated using a micro-
pyrolyzer coupled with GC-MS/FID. The system had pyrolysis vapor residence time of 15-
20 milliseconds providing a regime of minimal secondary reactions. The primary pyrolysis 
product distribution obtained from lignin is reported. Over 84% mass balance and almost 
complete closure on carbon balance was achieved. In another set of experiments, the 
pyrolysis vapors emerging from the micro-pyrolyzer were condensed to obtain lignin-derived 
bio-oil. The chemical composition of the bio-oil was analyzed using GC-MS and GPC 
techniques. The comparison between results of two sets of experiments indicated that 
monomeric compounds were the primary pyrolysis products of lignin, which recombine after 
primary pyrolysis to produce oligomeric compounds. Further, the effect of minerals (NaCl, 
KCl, MgCl2 and CaCl2) and temperature on the primary pyrolysis product distribution was 
investigated. The study provides insights on the fundamental mechanisms of lignin pyrolysis 
and provides a basis for developing more descriptive models of biomass pyrolysis. 
Introduction  
Biomass is a well recognized source of renewable organic carbon that can be 
converted into transportation fuels and chemicals. Amongst the several available techniques 
for biomass conversion, fast pyrolysis has attracted particular interest as it can directly 
convert biomass into a liquid product – often referred as ‗bio-oil‘ or ‗bio-crude‘ – which can 
be upgraded in processes that resemble those of  conventional petroleum refineries.
1, 2
 
However, an efficient and cost-effective strategy for upgrading this complex chemical 
mixture has yet to be established. The chemical composition of the generated bio-oil depends 
on several factors such as biomass composition, heating rate, reaction temperature and 
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residence time of pyrolysis vapors. Due to the complexity of the problem and the absence of 
well-established analytical techniques for analyzing bio-oil, mechanistic understanding of 
pyrolysis pathways has remained obscure. In previous work by our group, we reported 
primary pyrolysis products of glucose-based carbohydrates
3
, hemicellulose
4
, effect of 
glycosidic linkages
3
 and the influence of various minerals on these products.
4, 5
 The current 
work is focused on understanding the pyrolysis behavior of lignin, which constitutes about 
10-33 wt% and contains up to 40% of the energy content of biomass.
6
 Apart from existing as 
a biomass constituent, over one million tonnes/year of lignin is also produced as a byproduct 
of paper and pulp industry and its production is poised to increase from the emerging 
cellulosic ethanol industry.
7
 Thus, understanding of the mechanism by which lignin is 
pyrolytically converted to product molecules is important for advancing biofuels and 
biobased products. 
Thermogravimetric analysis (TGA) has been widely used to develop kinetic models 
of thermal decomposition of biomass in terms of overall mass loss rate. Lignin has been 
found to be the most thermally resistant component of biomass, gradually decomposing over 
the temperature range of 300-800°C.
8, 9
 Several researchers have proposed first order kinetic 
models expressing lignin pyrolysis rate in terms of its weight loss.
10-16
 Wide variation in the 
reported activation energies have been observed (8.5-361 kJ/mol) depending on the type of 
lignin, heating rate and instrument-specific systematic errors. The major shortcoming of 
thermogravimetric experiments is the inability of this equipment to provide heating rates high 
enough to truly reproduce ‗fast‘ pyrolysis. Furthermore, TGA experiments generally do not 
provide information about specific compounds evolved during pyrolysis. A few attempts 
have been made to detect specific compounds in the pyrolysis vapors produced from TGA by 
coupling it with a mass spectrometer (MS) or a Fourier Transform Infrared (FTIR) 
detector.
17-20
 These studies are, however, limited to fairly low molecular weight compounds 
(m/z < 46; methanol, formic acid, formaldehyde, carbon dioxide and water) and certain 
monomeric phenolic compounds (2-methoxyphenol and 2-methoxy-4-alkyl substituted 
phenol).  
Use of an analytical pyrolysis technique wherein a pyrolyzer (capable of providing 
high heating rates) is connected to either a gas chromatograph (GC) and mass spectrometer 
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(MS)
21-24
 or directly to a molecular beam mass spectrometer (MBMS)
25
 has also been 
reported. These techniques have been developed for the rapid characterization of lignin 
structure by relating it to pyrolysis products. Obst reported more than fifty pyrolysis products 
and found that softwood (loblolly pine) produced guaiacyl-type compounds as major 
products whereas hardwood (white oak) produced more syringyl and guaiacyl-type 
compounds.
22
 Similarly, Evans et al.
25
 found vinyl phenol and coumaryl alcohol as the most 
abundant volatile products of herbaceous biomass. It should however be noted that these 
determinations were based on either a general qualitative comparison or quantitative 
comparison of only certain major peaks that constituted about 3-18% of the total products.
21
 
To our knowledge, there is no published literature showing the mass balance speciation of 
primary pyrolysis products from lignin that accounts for nearly all of the mass of the starting 
material.   
Both TGA and analytical pyrolysis have been used to investigate pyrolysis 
mechanisms of model dimers and trimers containing specific types of linkages similar to 
those existing in the polymeric structure of lignin. These studies have been well reviewed by 
Amen-Chen et al.
26
 and Zakzeski et al.
27
 and suggest that free radical reactions prevail during 
pyrolysis, leading to the formation of monomeric phenolic compounds. However, it should 
be noted that recent developments in bio-oil characterization have revealed the presence of 
significant  amounts (20-40 wt%)
28
 of lignin derived heavy molecular weight compounds 
(molecular weights ranging from 200 up to 2500 Da)
29
. These compounds are principally tri- 
or tetramers of phenolic monomers.
30
 The mechanism of formation of such oligomeric 
compounds is not yet well understood. 
A typical weight- distribution of lignin pyrolysis products at 450-550°C has been 
reported as: char 55%, liquid 35% and gases 12%.
31
 This temperature range has been found 
to be optimal for the yield of lignin derived oligomers
32
 as well as overall bio-oil yield. 
Owing to the high thermal resistance of lignin, it is expected to produce more monomeric 
compounds at higher temperatures; however, there is lack of information regarding the effect 
of temperature on individual chemical species from lignin pyrolysis. Similarly, literature 
related to the influence of minerals on lignin pyrolysis products is also fairly limited. 
Minerals catalyze the C-C bond scission reactions during cellulose pyrolysis and result in the 
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formation of low molecular weight compounds (especially formic acid, glycolaldehyde, 
acetic acid and acetol).
5
 In the absence of minerals, depolymerization via glycosidic bond 
cleavage predominates resulting in levoglucosan as the major product of cellulose pyrolysis. 
Whether there is an influence of minerals on lignin depolymerization/fragmentation reactions 
is not well established.  
The objective of the present work is to investigate pyrolysis of lignin isolated from 
cornstover under conditions that minimize secondary reactions. The study provides 
mechanistic insights on oligomer formation during lignin pyrolysis and also provides a basis 
for building more descriptive models of the evolution of chemical species during pyrolysis.  
Experimental 
Lignin characterization 
Lignin isolated from cornstover using the Organosolv process was procured from 
Archer Daniels Midland (ADM) Company. The lignin was in the form of fine a brown 
powder. Sometimes mineral impurities are present in commercially available lignin 
(especially Kraft and Klason lignins), which are known to influence the product distributions 
during pyrolysis of biomass. This issue has been neglected in previous reports on lignin 
pyrolysis, which could lead to inaccurate product yields depending upon the influence of 
minerals. The lignin sample obtained from ADM contained about 1 wt% ash content. Prior to 
using this lignin sample for the pyrolysis studies, it was purified by washing with dilute acid. 
Approximately 10 g of lignin sample was washed with 100 ml 0.1N HCl for 15 minutes, 
followed by two subsequent deionized water washes. The purified lignin sample, containing 
< 0.1 wt% ash, was used throughout this study. The ash content of the ‗as received‘ and 
purified lignin samples was determined by subjecting 1g of sample to combustion in a 
furnace at 575°C for approximately 6 hrs. The carbon, hydrogen and nitrogen content of the 
sample was analyzed using a TruSpec CHN (Leco) instrument. The oxygen content was 
determined by difference. 
Pyrolyzer-GC-MS/FID experiments 
Pyrolysis experiments were performed using a single shot micro-furnace pyrolyzer 
equipped with an autosampler (Model 2020iS, Frontier Laboratories, Japan). The micro-
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pyrolyzer consisted of a quartz pyrolysis tube of 4.7 mm inner diameter and 114 mm in 
length. The quartz tube was surrounded by a tubular furnace providing uniform heat 
throughout. The furnace was calibrated to read the centerline temperature of the pyrolysis 
tube. Continuous flow of helium gas with linear velocity 20.5 cm/s was maintained through 
the pyrolysis tube during the experiments, which provided an inert atmosphere for pyrolysis 
reactions and also helped sweep pyrolysis products out of the reactor as soon as they were 
produced. The micro-pyrolyzer assembly was directly connected to a gas chromatograph 
(Varian CP3800) in combination with either a mass spectrometer (MS, Saturn 2200) or a 
flame ionization detector (FID). The operational control of the micro-pyrolyzer was 
synchronized with that of the GC-MS/FID system, which allowed an automatic single 
operational control of the combined reactor-gas analyzer system. Preliminary tests showed no 
significant differences in the resulting product distribution when particle sizes of ≤ 75 µm 
and sample sizes ranging between 200-800 µg of the lignin feedstock was used, suggesting a 
regime of negligible heat/mass transfer limitations.
3
 For each experiment in the present study, 
approximately 500 µg of the lignin sample (≤ 75 µm) was loaded into a deactivated stainless 
steel sample cup. The loaded cups were purged with helium for 30 seconds and then dropped 
into the quartz pyrolysis tube contained within the furnace, which was preheated to maintain 
the desired pyrolysis temperature (500°C in the current study, unless otherwise stated). The 
drop time of the cups into the furnace was only 15-20 milliseconds, which assured heating 
rates greater than 2000°C/s. The sample cups were weighed before and after pyrolysis using 
a Mettler Toledo microbalance, sensitive to 1 µg, to determine the initial sample weight and 
the weight of final residual char.  
Chromatographic separation of the pyrolysis products was performed using an alloy 
capillary column (Ultra Alloy-1701, Frontier Laboratories, Japan) having high thermal 
resistance (30 m x 0.250 mm and 0.250 μm film thickness with a stationary phase consisting 
of 14% cynopropylphenylsiloxane) with a carrier gas flow of 1 ml/min. An injector 
temperature of 300°C and - split ratio of 1:100 was used.  The GC oven temperature program 
began with a 3 min. hold at 35°C followed by heating to 300°C at 5°C/min.  The final 
temperature was held for 4 min. For product identification, the GC was connected to the MS. 
The mass spectra were recorded in the electron ionization mode with a 10 μamp emission 
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current in the range from m/z 10 to 300. After the peak assignments, FID was calibrated for 
all the confirmed pyrolysis products. For quantifying the pyrolysis products, FID was used to 
record the chromatogram with a detector temperature of 300°C, H2 flow rate of 30 mL/min 
and air flow rate of 300 mL/min.  
The split line of the GC was connected to a De-Jaye gas analyzer, which was 
calibrated to read the CO and CO2 concentrations. CO and CO2 concentrations in the split 
stream were recorded as real time measurements every second during the course of pyrolysis.    
Confirmation of product species 
The peaks corresponding to different compounds in the chromatogram were identified 
using the following methods. The mass spectra of the peaks were compared with standard 
spectra of other compounds using the NIST library to obtain the most probable matches. In 
some cases, the retention index concept was utilized for determining the best assignment. 
Also, the column used in this study had a similar stationary phase composition to that used 
by other researchers for bio-oil characterization
32, 33
, and the expected order of compound 
elution would be expected to be the same. Literature comparisons of the identified 
compounds and their elution pattern were made to identify the peak. All the pure compounds 
corresponding to the best estimated assignments for the peaks were obtained from Sigma–
Aldrich (US), except 4-vinyl phenol and coumaryl alcohol. 4-vinyl phenol was purchased 
from Alfa Aesar (US) and coumaryl alcohol was purchased from Key Organics (UK). These 
pure compounds were then used to confirm the peak identification based on matching the 
retention time and mass spectrum.  
Calibration of the GC column 
The pure compounds corresponding to the confirmed peaks in the chromatograms 
were further used to calibrate the GC column connected to the FID. In the case in which the 
pure compound was not available, isomers with similar mass spectrum were used as 
standards. Standard solutions of each of these compounds were prepared by dissolving them 
in HPLC grade methanol. Five-point straight line calibration curves (with R
2
 ≥ 0.95) were 
established for the pure compounds relating the peak area to the concentration. Table 13 
shows the list of calibrated compounds with their corresponding retention times, major ion(s) 
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detected in the mass spectrum and the concentration range for which the column was 
calibrated. 
Bio-oil condensation experiments 
For these experiments, the GC injector liner was replaced with a splitless type of liner 
and the injector temperature was set to 400°C. The GC column was replaced by an 
approximately 15 cm long inert tube with a 530 μm inner diameter. The other end of this tube 
was dipped in a tube containing methanol, surrounded with an ice bath. About 800 μg of 
sample was pyrolyzed and the emerging pyrolysis vapors were condensed in the methanol 
bath. After each pyrolysis run, the inert tube was also flushed with a sufficient amount of 
methanol to ensure collection of any products condensed on the inner wall of the tube. 
Methanol was evaporated at 45°C overnight, and the resulting bio-oil was subjected to 
further analysis as needed. 
Gel Permeation Chromatography  
Gel Permeation Chromatography (GPC) analysis was performed using a Dionex 
Ultimate 3000 high performance liquid chromatograph. Two types of columns: MesoPore 3 
μm 300 x 7.5 mm (200-25000 Da) and PLgel 3 μm 100Å 300 x 7.5mm (100-4000 Da) were 
used in series at 25°C with 1 ml/min of tetrahydrofuran as the mobile phase. Samples (~ 
1mg) were dissolved in 5ml of tetrahydrofuran and filtered through a 0.25 μm 
polytetrafluoroethylene (PTFE) filter prior to injection. Measurements were performed with a 
refractive index detector. The GPC columns were calibrated using nine polystyrene standards 
in the molecular weight range of 162 to 10110.  
Results and Discussion 
Product Identification 
Figure 13 shows the chromatogram obtained from the direct pyrolysis of lignin at 
500°C. Twenty four compounds (excluding char and gaseous compounds) were identified 
based on their mass spectrum (see Table 13 for peak identification information). These 
compounds can be broadly classified as low molecular weight compounds and phenolic 
compounds. The peak at 6.62 min appeared to be formic acid and acetone eluting together. 
As the mass ion intensities corresponding to formic acid were observed to be lower than 
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those of acetone, their yield is reported together based on the acetone calibration. The mass 
spectrum of the unconfirmed and minor peaks indicated that they were isomers of 
compounds corresponding to the nearby major peaks. For example: 2-methoxy-5-methyl 
phenol appeaed as a small peak at 30.00 minutes and is an isomer of 2-methoxy-4-methyl 
phenol, which appeaed at 30.93 minutes; isoeuginol appeaed at 36.30 minutes; and is an 
isomer of euginol, which evolved at 38.05 minutes. To evaluate the sensitivity of calibration 
response factors to different isomers, response factors of several isomers (2-methyl phenol 
and 4-methyl phenol; euginol and isoeuginol; 2,4-dimethyl phenol and 2,5-dimethyl phenol) 
were determined and found to be comparable. Three compounds:  unidentified at retention 
time 35.45 min. (molecular weight 114), 4-allyl-2,5-dimethoxyphenol and unidentified at 
retention time 57.80 min. (molecular weight 280) could not be definitively identified due to 
pure standards being unavailable. For these cases, a compound with a similar mass spectrum 
(4-vinylphenol for unidentified at 35.45 min., 4-allyl-2,6-dimethoxyphenol for 4-allyl-2,5-
dimethoxyphenol and sinapyl alcohol for unidentified at 57.8 min.) was used as the standard. 
 
Figure 13. Chromatogram (GC-FID) resulting from pyrolysis of cornstover lignin (for species 
identification corresponding to peak numbers, refer to Table 13) 
Product Distribution 
Table 14 shows the overall lignin pyrolysis product yields determined as an average 
of four pyrolysis runs with including CO, CO2 and char yields included. It indicates that the 
lignin used in this study produced about 37 wt% char, considerably less than reported in the 
literature.
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Table 13. Peak identification and calibration information of the primary pyrolysis products of lignin 
Peak 
No. 
Retention 
time (min.) 
Compound name Major ions 
Calibration 
range
† 
r
2
 Value 
1 5.68 Acetaldehyde 18, 29, 44, 45 0-10 0.99 
2 6.62 Formic acid/Acetone 18, 45, 47, 56 0-10 0.94 
3 8.93 2-methyl furan 39, 53, 82 0-5 0.99 
4 13.14 Acetic acid 43, 61 0-25 0.99 
5 19.69 2-furaldehyde 35, 67, 95, 96 0-5 0.98 
6 27.340 Phenol 39, 65, 94 0-5 0.99 
7 28.01 2-methoxy phenol 53, 81, 109, 124 0-5 0.99 
8 28.79 2-methyl phenol 39, 51, 79, 107 0-5 0.98 
9 29.80 4-methyl phenol 39, 51, 79, 108 0-5 0.98 
10 30.93 2-methoxy-4-methyl phenol 67,123,138 0-5 0.98 
11 31.10 3,5-dimethyl phenol 77, 107, 122 0-5 0.99 
12 32.25 3-ethyl phenol 107, 122 0-5 0.98 
13 33.21 4-ethyl-2-methoxy phenol  137, 152 0-5 0.98 
14 34.62 4-vinyl phenol  63, 91, 107, 120 0-5 0.98 
15 34.77 2-methoxy-4-vinyl phenol  77, 91, 107, 135, 150 0-8 0.98 
16 35.45 Unidentified (Mol. wt. 114)* 39, 56, 96, 114 - - 
17 36.10 2,6-dimethoxy phenol  93, 111, 139, 154 0-5 0.98 
18 38.05 2-methoxy-4-(1-propenyl)-phenol (Euginol)  103, 121, 149, 164 0-5 0.98 
19 38.32 4-methyl-2,6-dimethoxyphenol  107, 125, 153, 168 0-5 0.99 
20 40.02 3,5-dimethoxy-4-hydroxy benzaldehyde 139, 151, 167, 182 0-5 0.99 
21 41.39 3‘,4‘-dimethoxy acetophenone 91, 137, 165, 180 0-3 0.99 
22 41.82 4-allyl-2,6-dimethoxyphenol 91, 137, 167, 194 0-5 0.99 
23 44.29 4-allyl-2,5-dimethoxyphenol* 91, 179, 194 - - 
24 46.53 3‘,5‘-dimethoxy-4‘-hydroxy acetophenone 153, 181, 196 0-5 0.99 
25 47.35 Sinapyl alcohol  168, 210 0-5 0.96 
26 57.80 Unidentified (Mol. wt. 280)*  71, 149, 167 - - 
Refer to Figure 13 for corresponding peak numbers. 
†wt% based on 500μg of feedstock,  
*not confirmed by pure standards. 
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Table 14. Primary pyrolysis product distribution resulting from lignin pyrolysis at 500°C 
Sr. No. Compound name Average* 
Standard 
Deviation 
1 CO 1.8 0.10 
2 CO2 15.2 0.37 
3 Acetaldehyde 0.9 0.00 
4 Formic acid/Acetone 0.7 0.03 
5 2-methyl furan 0.1 0.03 
6 Acetic acid 11.5 0.87 
7 2-furaldehyde 0.2 0.01 
8 Phenol 1.9 0.08 
9 2-methoxy phenol 0.9 0.02 
10 2-methyl phenol 0.1 0.00 
11 4-methyl phenol 0.6 0.04 
12 2-methoxy-4-methyl phenol 0.7 0.02 
13 3,5-dimethyl phenol 0.1 0.00 
14 3-ethyl phenol 0.6 0.03 
15 4-ethyl-2-methoxy phenol  0.4 0.02 
16 4-vinyl phenol  3.5 0.15 
17 2-methoxy-4-vinyl phenol  1.8 0.03 
18 Unidentified (Mol. Wt. 114)1 1.4 0.32 
19 2,6-dimethoxy phenol  1.0 0.05 
20 2-methoxy-4-(1-propenyl)-phenol (Euginol)  0.2 0.00 
21 4-methyl-2,6-dimethoxyphenol  0.8 0.03 
22 3,5-dimethoxy-4-hydroxy benzaldehyde 0.4 0.02 
23 3‘,4‘-dimethoxy acetophenone 0.8 0.03 
24 4-allyl-2,6-dimethoxyphenol 0.2 0.00 
25 4-allyl-2,5-dimethoxyphenol2 0.3 0.00 
26 3‘,5‘-dimethoxy-4‘-hydroxy acetophenone 0.3 0.01 
27 Sinapyl alcohol  0.7 0.03 
28 Unidentified (Mol. Wt. 280)3 0.4 0.00 
29 Char 37.0 0.22 
 
Total 84.5 1.36 
*Average of four pyrolysis runs. 
1
based on the calibration of 4-vinyl phenol 
2
based on the calibration of 4-allyl-2,6-dimethoxyphenol 
3
based on the calibration of sinapyl alcohol 
CO2 was found to be the major constituent of the gaseous fraction, whereas acetic 
acid was the major low molecular weight compound that was formed. It was also observed 
that CO always eluted prior to CO2, suggesting formation of CO during one of the 
preliminary steps of lignin decomposition. Amongst the phenolic compounds, phenol, 4-
vinyl phenol, 2-methoxy-4-vinyl phenol, and 2,6-dimethoxy phenol were found to be the 
major products, with yields ranging between 1-4 wt%. The total yield of phenolic compounds 
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was about 18 wt%. All of the identified compounds when including char accounted for about 
84 wt% of the initial mass. The missing mass was conjectured to be primarily water, which 
was not accounted for by either the GC-MS/FID system or the De Jaye gas analyzer. To 
calculate the potential amount of water and other unidentified compounds formed, an 
elemental balance was performed. 
Elemental analysis of the carbon, hydrogen, nitrogen and oxygen content of the 
cornstover-extracted lignin indicated an empirical formula of C10.2H12.2O3.8 N0.2. A carbon 
balance on all the compounds detected from GC analysis and found in Table 14 (excluding 
char) gave 63.2 wt% of carbon with a remainder balance of 36.8 wt%, which was comparable 
to the char yield of 37.0 wt%. An oxygen balance indicated about 8.2 wt% unaccounted for 
in the pyrolysis products, which is equivalent to 9.2 wt% water if it is assumed that all of the 
unaccounted oxygen existed in the form of water. A hydrogen balance indicated that about 
2.8 wt% hydrogen was unaccounted, which can be assumed to be incorporated into water and 
unidentified compounds (including H2 or CH4 gas, evolved as components of non-
condensable gases). The mass spectrum data corresponding to the various peaks in the 
chromatogram did not indicate the presence of any nitrogen containing species. It was 
possible that the nitrogen was either incorporated into the char or evolved in the form of 
ammonia, which could not be measured in these experiments.  Thus, the overall mass balance 
for the pyrolysis experiments, including GC-detectables, char, and water vapor was in excess 
of 92%.  This number does not include non-volatile lignin oligomers, which could usually 
exist as fine aerosols in the pyrolysis gas stream.
34
  
Mechanism of Oligomer Formation 
The pyrolysis vapor residence time using the micro-pyrolyzer experimental setup was 
on the order of a few milliseconds, which would be expected to ensure minimal secondary 
reactions. It was somewhat surprising to achieve relatively high mass balance closure under 
this primary reaction regime, as previous reports suggest that significant quantities of non-
volatile oligomeric compounds would be produced from lignin pyrolysis. Bio-oil recovered 
from fast pyrolysis systems typically contains 15-30 wt% of phenolic oligomers, known as 
―pyrolytic lignin,‖ under the assumption that they are molecular fragments from lignin. This 
raised the question as to how these non-volatile fractions are transported from the pyrolysis 
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reactor to the bio-oil collection system. Early work by our group
34
 demonstrated that aerosols 
are a significant fraction of the mass flow immediately exiting a pyrolysis reactor.  Piscorz et 
al.
35
 have proposed ―thermal ejection,‖ in which lignin is partially cracked to oligomeric 
fragments.  These fragments melt at the high temperatures of pyrolysis and, subjected to high 
shear forces within the reactor, break into small aerosols that are entrained in the gas flow 
and transported out of the reactor without vaporizing.   
Conversely, our results suggest that the primary products of lignin pyrolysis are 
volatile monomeric compounds. These monomers upon vaporizing from the pyrolyzing 
biomass are immediately subject to secondary reactions that lead to the formation of 
oligomers and promote the growth of aerosols in the gas-phase prior to recovery of the liquid 
bio-oil product.  In order to test this hypothesis, we replaced the column in the GC with an 
inert tube that lead to a beaker of chilled methanol, which allowed both the volatile and non-
volatile components of bio-oil to be recovered as a microsample of bio-oil.  This bio-oil was 
subjected to GC-MS and GPC analysis, as described in the methodology section.   
Figure 14 shows the GC chromatogram of bio-oil recovered from the micropyrolysis 
of lignin. In contrast to the GC chromatogram of the vapors eluting directly from the 
pyrolyzer (Figure 13), this chromatogram showed a shift from phenolic monomers to heavier 
phenolic compounds. Many of monomeric compounds found in the pyrolysis vapors such as 
2-methyl phenol, 4-methyl phenol, 2-methoxy-4-methyl phenol, 3-ethyl phenol, 4-ethyl-2-
methoxy phenol were not observed in the condensed bio-oil, whereas several other 
monomeric compounds such as phenol, 2-methoxy phenol, 4-vinyl phenol, and 2-methoxy-4-
vinyl phenol were significantly diminished in their concentration. Instead,  the GC 
chromatogram of the lignin-derived bio-oil showed larger molecular weight compounds in 
the range of 180-342 Da (see Figure 14, Peaks: a-342, b-206; c-180; d-210; e-208; f-298; g-
212; h-280; i-312; j-280). Furthermore, GPC analysis of the lignin bio-oil (see Figure 15) 
revealed the presence of several non-volatile compounds. The molecular weights of the 
compounds in the bio-oil ranged from 94-2502 Da with a predominant peak at 432 Da and 
smaller peaks at 212 Da, 662 Da and 1168 Da. These results suggest the presence of mainly 
dimeric species with relatively smaller amounts of monomers, trimers, tetrameric, pentameric 
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or higher-order oligomeric species in the bio-oil and clearly indicate that condensation 
remarkably changes the product composition of bio-oil relative to the pyrolysis vapors.  
 
Figure 14. Chromatogram (GC-MS) of lignin bio-oil obtained via condensing the pyrolysis vapors 
(for species identification corresponding to peak numbers, refer to Table 13) 
 
Figure 15. Gel permeation chromatogram of lignin bio-oil obtained via condensing the pyrolysis 
vapors 
These oligomeric compounds would be suspected to form from the recombination of 
phenolic species formed as primary products of lignin pyrolysis. To test this hypothesis, a 
mixture of three basic lignin monomers– coumaryl alcohol, coniferyl alcohol and sinapyl 
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alcohol, was pyrolyzed. Bio-oil was collected as previously described and subjected to GPC 
analysis to determine the presence of oligomeric species. 
 
Figure 16. Gel permeation chromatogram of: a) the monolignol mixture of coumaryl alcohol, 
coniferyl alcohol and sinapyl alcohol (dotted line); b) bio-oil obtained from pyrolysis of the 
monolignol mixture (dashed line); c) bio-oil obtained from pyrolysis of the monolignol mixture in 
presence of acetic acid (solid line) 
Figure 16 illustrates the GPC chromatogram of the monolignol mixture (1 mg) 
consisting of equal parts of coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. These 
three compounds emerged as a single sharp peak at molecular weight 290 Da (a minor peak 
at around 500 Da was ascribed to impurities present in commercially available sinapyl 
alcohol, which was confirmed by injecting sinapyl alcohol into the GPC). When 1 mg of the 
monolignol mixture was pyrolyzed at 500°C, and the vapors were condensed, a nearly 
quantitative yield of bio-oil was obtained, indicating that the product mixture was highly 
volatile. While the monomeric species still dominated the chromatogram, the GPC 
chromatogram indicated a shift from monomers to oligomers. Recalling that lignin bio-oil 
contains up to 11.5 wt% acetic acid and that acid is a catalyst for oligomerizing phenolic 
compounds, an additional test was run to test the effect of having acid present.  To simulate 
the acid content of lignin bio-oil, sufficient acetic acid was added to the monolignol mixture 
to constitute 11.5 wt% of the mixture.  It was presumed the acid would vaporize along with 
the monolignols upon pyrolysis of the mixture. Interestingly, the GPC chromatogram for the 
recovered bio-oil from the acid added sample showed a dramatically reduced peak for the 
104 
 
monomers and a very wider distribution of molecular weights above 290 Da, indicating the 
promotion of oligomerization due to the presence of acetic acid. As similar experiments were 
performed using a mixture of 4-methyl phenol, 2-methoxy-4-methyl phenol, 3-ethyl phenol 
and euginol (these monomeric compounds were detected as major peaks during lignin 
pyrolysis, but were not detected in the condensed lignin bio-oil). This test also resulted in the 
formation of oligomeric compounds upon pyrolysis followed by condensation, and their yield 
was enhanced in presence of acetic acid. These results confirm that the oligomeric 
compounds could be formed via recombination/re-oligomerization of the primary pyrolysis 
products of lignin during condensation and were enhanced by the presence of acetic acid.   
Another important question regarding oligomerization reactions is whether they occur 
in the gas-phase or the condensed phase. The smoke commonly associated with pyrolyzing 
biomass is clear evidence that aerosols are generated at some point during the process. 
Although aerosols can be formed from shearing forces applied to liquids, it is also possible in 
the case of pyrolysis that gas-phase condensation occurs since compounds could be present at 
partial pressures greater than their saturation pressures.  This condition would require either 
the gas-phase formation of less volatile compounds (increased vapor pressure) or a drop in 
the temperature of the pyrolysis vapors (decreased saturation pressure). 
To test the hypothesis of gas-phase formation of aerosols, the linear flow velocity of 
the diluent gas through the pyrolysis reactor was both decreased (to 12.6 cm/s) and increased 
(to 31.8 cm/s) above the baseline gas flow rate of 20.6 cm/s, which should have produced a 
proportional change in the vapor pressure of the devolatilizing compounds.  In fact, these 
changes produced no significant change in the molecular weight distribution of products. 
However, a remarkable difference in the composition of the bio-oil fraction that was 
condensed on the wall of tube (major fraction) and the bio-oil fraction condensed in the 
chilled methanol bath (minor fraction) was observed. As shown in Figure 17, the bio-oil 
condensed on the tube wall consisted mainly of dimers, whereas the bio-oil that condensed in 
the methanol bath showed significant concentrations of trimers and tetra- or pentamers. 
Although the experiments did not allow for direct observation of the secondary reactions that 
occur as the monomers were transported from the reactor, one speculation is that primary 
aerosols formed as vapors were slightly cooled leaving the reaction zone and then served as 
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the sites for reactive condensation/partitioning of gas-phase species, similar to the growth 
mechanism for secondary aerosols in the atmosphere. 
36, 37
  
 
Figure 17. Gel permeation chromatograph of: a) fraction of lignin bio-oil condensed on the wall of the 
effluent tube (dashed line) and b) fraction of lignin bio-oil condensed upon reaching the chilled 
methanol bath (dotted line) 
From Table 14, it can be seen that 4-vinyl phenol and 2-methoxy-4-vinyl phenol were 
the major phenolic compounds produced from the pyrolysis of lignin. Nakamura et al.
38
 have 
suggested a vinyl condensation type of mechanism for the oligomerization of these species. 
In the case of other phenolic compounds, acid catalyzed condensation reactions have also 
been proposed.
39, 40
 Further study will be needed to investigate the condensation mechanism 
and concomitant aerosol formation.  
Effect of temperature and minerals on lignin pyrolysis 
Lignin samples were pyrolyzed at temperatures ranging between 300-700°C at 50°C 
intervals. At 300°C, pyrolysis resulted in the formation of CO2, 4-vinyl phenol and 2-
methoxy-4-vinyl phenol and a solid residue (char or unreacted lignin). This result indicated 
that decarboxylation and formation of 4-vinyl phenol and 2-methoxy-4-vinyl phenol were the 
initial steps in the lignin decomposition. Further increase in temperature led to increased 
formation of CO, which always evolved prior to CO2. The total CO and CO2 yield increased 
from 8.8 wt% at 300°C to 25.9 wt% at 700°C. Acetic acid, which constituted the major low 
molecular weight compound found in the pyrolysis products, also increased with 
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temperature. At temperatures above 650°C several unidentified low molecular weight 
compounds appeared in the chromatogram, which broadened at 700°C. The identity of these 
peaks was not resolved. The increase in the formation of low molecular weight compounds 
and gaseous species was accompanied by decrease in the char yield. It was found to be 
decreasing lineatly from 60 wt% at 300°C to 22 wt% at 700°C. The yield of phenol, 2-methyl 
phenol, 4-methyl phenol, 2,5-dimethyl phenol and ethyl phenol was found to increase with 
temperature. However, other phenolic compounds containing vinyl- or methoxy substituted 
groups had maximum yields at 600°C. This result could be attributed to enhanced 
demethoxylation at the higher temperatures.  
 
Figure 18. Effect of temperature on lignin pyrolysis products 
Char (), phenolic compounds (), low molecular weight compounds () and gaseous species () 
In order to assess the influence of minerals on lignin pyrolysis, lignin samples were 
doped with 1 wt% NaCl, KCl, MgCl2 and CaCl2. No significant differences were observed in 
the speciation resulting from these samples apart from approximately a 1 wt% increase in the 
char yield (attributable to the presence of these relatively non-volatile minerals). This result 
was important considering the dramatic effect that a similar amount of minerals had on 
cellulose and hemicellulose pyrolysis products as reported earlier.
4, 5
 It has been speculated 
that minerals influence pyrolysis products from cellulose and hemicelluloses through 
coordination with the sugar rings. The resilience of lignin to the presence of minerals might 
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be attributable to the fact that lignin is constructed of aromatic rings, which would not readily 
coordinate with the mineral species. 
Conclusions  
The product distribution resulting from the primary pyrolysis reactions of lignin 
derived from cornstover was investigated. Twenty four primary pyrolysis products from this 
lignin were identified and quantified. GC-analyzable compounds and char accounted for 84% 
of the mass balance and when the estimate of the water formed was included a mass balance 
closure of over 93% was achieved. The measured carbon balance accounted for nearly 100% 
of the carbon in the pyrolysis products. The measured product speciation suggested the lignin 
pyrolysis resulted primarily in the formation of monomeric phenolic compounds with phenol, 
4-vinyl phenol, 2-methoxy-4-vinyl phenol and 2,6-dimethoxy phenol as the major products. 
When these primary pyrolysis vapors arising from lignin were condensed to obtain lignin 
bio-oil, it produced remarkable amount of dimeric and other oligomeric compounds. From 
the monolignol pyrolysis experiments, it was confirmed that formation such oligomeric 
species can occur via re-oligomerization of the monomeric products during condensation. 
Further, these re-oligomerization reactions were found to be facilitated by the presence of 
acetic acid. Temperature had a significant impact on the pyrolysis product distribution as the 
char yield decreased linearly with temperature and, the yields of gaseous products and low 
molecular weight compounds increased. The yield of alkylated phenols increased with 
temperature, whereas the yield of methoxylated phenols was found to be maximized at 
600°C. The addition of minerals (NaCl, KCl, MgCl2 and CaCl2) did not show significant 
effect on the lignin pyrolysis products. Although there were no direct observations of the 
secondary reactions that occur as the monomers were transported from the pyrolysis reactor, 
the experiments suggested that a condensed phase was important in promoting the formation 
of oligomers. The study suggests the possibility of exploiting the pyrolysis process to 
preferentially obtain monomeric phenolic compounds. Further, when combined with the 
cellulose and hemicellulose pyrolysis product distribution, the current results will help 
provide a basis for developing pyrolysis models that can predict yields of specific chemical 
compounds. 
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Abstract 
 The objective of this study was to elucidate primary and secondary reactions of 
cellulose pyrolysis, which was accomplished by comparing results from a micro-pyrolyzer 
coupled to a GC-MS/FID system and a 100 g/hr bench scale fluidized bed reactor system. 
The residence time of vapors in the micropyrolyzer was only 15-20 milliseconds, which 
precluded significant secondary reactions. The fluidized bed reactor had a vapor residence 
time of 1-2 seconds, which is similar to full-scale pyrolysis systems and is long enough for 
secondary reactions to occur.  Products from the fluidized bed pyrolyzer reactor were 
analyzed using combination of micro-GC, GC-MS/FID, LC-MS and IC techniques. 
Comparison between the products from the two reactor systems revealed the type and extent 
of secondary reactions occurring in the fluidized bed reactor. This study can be used to build 
more descriptive pyrolysis models that can predict yield of specific compounds.  
Introduction  
Fast pyrolysis of biomass is one of the promising techniques to transform solid 
biomass into a liquid product known as ‗bio-oil‘ or ‗bio-crude‘, which can be upgraded to 
‗drop-in‘ transportation fuels. The efficient and cost-effective upgrading of bio-oil is 
dependent upon the kinds of molecules produced during fast pyrolysis. As currently 
practiced, fast pyrolysis of biomass yields a wide variety of molecules, suggesting a large 
number of reaction pathways.  However, the complexity of fast pyrolysis has been a barrier 
to understanding the fundamental mechanisms of fast pyrolysis.  
Micropyrolysis in combination with gas chromatography (GC) and mass 
spectrometry (MS) is proving to be a powerful tool for the study of fast pyrolysis. Since the 
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residence time of vapors in the micropyrolyzer is only 15-20 milliseconds, secondary 
reactions do not occur to any significant extent. The micropyrolyzer is thus ideal for the 
investigation of primary pyrolysis reactions, which our group has done for cellulose
1
, 
hemicellulose
2
, and lignin
3
 including the effect of minerals on product distributions.
4
 On the 
other hand, secondary reactions, which occur as primary products of pyrolysis are transported 
from the pyrolysis zone to the bio-oil recovery zone, are important in industrial-scale 
pyrolysis systems.  In general, it is difficult to distinguish secondary reactions from primary 
reactions because of the close coupling of these multi-phase processes.  
Thermogravimetric analysis (TGA) has been frequently used to simulate the 
conditions of fast pyrolysis. It has been used to develop kinetic models of cellulose pyrolysis 
especially overall mass loss and the formation of char and volatile phases. These include the  
Broido−Shafizadeh model,5 in which cellulose is proposed to thermally decompose in two 
steps. The first step involves depolymerization of cellulose to ‗active cellulose‘, which has a 
degree of polymerization of around 200-250 monomer units. This step is followed by 
decomposition of the active cellulose into ‗char‘ and ‗volatile‘ products by two competing 
reactions. A modified version of Broido−Shafizadeh model has also been proposed which 
includes secondary decomposition of the ‗volatiles‘ fraction into gaseous and secondary char 
products.
6
 This model appears to be more descriptive of experimental results and has been 
used to explicitly predict the yields of bio-oil, char and gas fractions resulting from primary 
as well as secondary reactions.  
Although the modified Broido−Shafizadeh model is widely accepted, it does not 
describe the detailed decomposition pathways and resulting chemical speciation. Another 
limitation of this model is its inability to predict the product distribution at the higher heating 
rates that are typical of fast pyrolysis. Luo et al.,
7
 who studied cellulose pyrolysis in a 
radiatively-heated reactor, proposed a more descriptive version of the Broido−Shafizadeh 
model that accounted for the formation of levoglucosan, glycolaldehyde and acetol. Piscorz 
et al.,
8
 who studied pyrolysis of cellulose in a fluidized bed reactor, have proposed a 
mechanism involving formation of levoglucosan as the  initial step. Levoglucosan further 
decomposes to yield two- and four-carbon compounds (cellulose  levoglucosan  glucose 
 C2 fragment (glycolaldehyde) + C4 fragment). Richards,9 on the other hand, speculated 
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that glycolaldehyde formed of C5 and C6 unit of the glucose monomer within the cellulose 
via dehydration followed by retro-Diels Alder reaction. Recently, Huber et al.
10
 working with 
a Pyroprobe (CDC Analytical, US) pyrolyzer coupled with GC-MS proposed the formation 
of anhydrosugars as principal pyrolysis products of cellulose which subsequently 
decomposes to light oxygenates (formic acid and acetol). However, vapors generated in the 
Pyroprobe system can experience residence times ranging from several seconds to as longs as 
a few minutes. Under these conditions, secondary reactions are likely to occur and distinction 
between primary and second products becomes problematic.  
The objective of this study was to elucidate primary and secondary reactions of 
cellulose pyrolysis.  A micropyrolysis system is used to profile the primary products of 
cellulose pyrolysis while a 100g/hr bench scale fluidized bed reactor system, with vapor 
residence times comparable to an industrial-scale fast pyrolysis reaction (1-2 seconds), is 
used to generate bio-oil that has been subject to both primary and secondary reactions. 
Comparison of the product distributions for these two kinds of pyrolyzers, provides insight 
into the secondary reactions that occur during long vapor residence times at pyrolysis 
temperatures.  The study provides a basis for building more descriptive models of the 
evolution of chemical species during pyrolysis.  
Experimental 
Pyrolyzer-GC-MS/FID experiments 
The detailed description of the Frontier micro-pyrolyzer and GC-MS/FID system has been 
reported elsewhere.
1
 Briefly, a sample cup (made up of deactivated stainless steel) containing 
about 500 μg of cellulose was dropped into a furnace, preheated to 500°C. The furnace was 
calibrated to read the center-line temperature of the pyrolysis tube. A continuous flow of 
helium (linear velocity 51.3 cm/s) was maintained to provide inert atmosphere and also to 
sweep the pyrolysis products out of the reactor. The GC-MS/FID system (containing Varian 
CP 3800 GC and Saturn 2200 MS), which was directly connected to the micro-pyrolyzer, 
provided identification and quantification of the primary pyrolysis products. The 
chromatographic method employed an alloy capillary column (Ultra Alloy – 5, Frontier 
Laboratories, Japan) having high thermal resistance (30 m x 0.250 mm and 0.250 μm film 
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thickness with stationary phase consisting of 5% diphenyl and 95% dimethylpolysiloxane) 
and a carrier gas flow of 2 ml/min. An injector temperature of 300°C and a split ratio 1:100 
was used.  The GC oven temperature program began with a 3 min hold at 35°C followed by 
heating to 130°C at 5°C/min and then to 250°C at 20°C/min.  The final temperature was held 
for 2 min. Detailed information about mass spectrum of various peaks, peak identification 
and calibration are found elsewhere.
1
 The char remained in the cup, and its yield was 
determined gravimetrically. A split stream from the micro-pyrolyzer was connected to a De-
Jaye gas analyzer which was equipped with Infrared (IR) detector to measure CO and CO2 
concentration.  
In order to verify the possibility of oligomeric compounds condensing in the GC 
injector, a small sample of cellulose bio-oil from was obtained by replacing the GC column 
with an inert tube and condensing the vapors emerging from the micro-pyrolyzer into a 
chilled methanol bath. This bio-oil was analyzed on LC-MS to determine the presence of 
oligomeric sugars.   
Fluidized bed reactor experiments 
 The fast pyrolysis system consisted of a feeder, a bubbling fluidized bed reactor, a 
cyclone and a bio-oil collection system which collects two fractions of bio-oil. The feeder 
consisted of screw auger was designed to feed 100 g/hr of cellulose. Feed entered the reactor 
near the bottom of the sand bed through a nitrogen entrainment system. The reactor consisted 
of standard 316 stainless steel tube, 0.31 m in length and 38.1 mm in diameter. The 
fluidization media consisted of 125 g of ~0.52 mm silica, which formed a bed approximately 
55mm in height when unfluidized. The plenum was constructed from a 38.1 mm dia. 316 
stainless steel tube of 0.15 m length. A porous distributor plate between the plenum and the 
reactor uniformly distributed the 10 L/min flow of nitrogen into the fluidized bed. Clam shell 
heaters maintained the pyrolysis reactor at 500°C. The superficial velocity of the nitrogen 
flow was 38 cm/s, which allowed vapor residence time in the reactor of approximately 1.3 s. 
Pyrolysis products (char, vapors and non-condensable gases) along with the nitrogen, exited 
the reactor into a cyclone, designed to filter out 99% of particulates above 5 μm in diameter. 
The residual vapors were condensed in two sequential condensers, first employing cooling 
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and electrostatic precipitation of the vapors and second employing an ice bath. The non-
condensable gases were analyzed using a micro-GC (Varian CP 4900).  
Bio-oil analysis   
Cellulose bio-oil obtained from fluidized bed reactor, water content of the bio-oil was 
determined using Karl Fischer Moisture Titrator (MKS-500, Kyoto Electronics 
Measurement, Japan) according to the standard test method ASTM E203-96. GC-detectable 
compounds present in cellulose bio-oil were analyzed using GC-MS/FID previously 
described. Sugars, which are not detectable by GC, were determined through hydrolysis. 
Acid hydrolysis of bio-oil was conducted in a sealed glass tubes placed in a heated oil bath at 
110°C for 1-4 hrs. Approximately 15 mg of bio-oil was mixed with 1.5 ml of 0.5M H2SO4 
solution and was continuously stirred during the reaction. This reaction hydrolyzed all sugars 
including levoglucosan (which was detectable by GC) present in bio-oil into glucose. 
Glucose content of the reaction mixture was measured on Ion Chromatograph (IC) equipped 
with pulsed amperometric detector. 25 μL of sample was injected into a carbopac PA1 
column, maintained at 30°C. 1 ml/min of 100 mM NaOH was used as mobile phase. The 
content of oligomeric sugars was calculated by subtracting the amount of glucose produced 
by levoglucosan from the total glucose amount.  
Results and Discussion 
Cellulose pyrolysis product distribution  
The product distributions from pyrolysis of cellulose in the micro-pyrolyzer and 
bench scale fluidized bed pyrolysis system are compared in Table 15. This analysis was used 
to perform carbon, hydrogen, and oxygen balances on the pyrolysis products, which is shown 
in Table 16. The following discussions are based on these two tables. 
In case of the micro-pyrolyzer, a complete carbon balance was obtained from the 
reported products. About 3.5% oxygen was unaccounted. If it is assumed that all of the 
unaccounted oxygen is lost in the form of water (which is not measureable by GC), it would 
produce about 4.0% water. This produced water would also account for 0.4 wt% of the 
otherwise 1.0 wt% of unaccounted hydrogen. The remaining unaccounted hydrogen (0.6%) 
presumably was lost in the form of H2 and other unidentified compounds. In case of the 
117 
 
fluidized bed reactor, about 3.5 wt% of the 44.4 wt% carbon was unaccounted. This could be 
attributed to char hold-up in the fluidized bed, cyclones, and piping or even char carried over 
to the bio-oil recovery system where it might have been incorporated into the bio-oil. The 
resulting hydrogen and oxygen were almost complete, which might reflect the fact that water 
content of bio-oil recovered from the fluidized bed pyrolyzer was directly detectable by Karl 
Fischer titration. 
Table 15. Comparison of pyrolysis product distribution of cellulose obtained from micro-pyrolyzer 
and fluidized bed reactor 
Sr. No.  Compound 
Micro-
pyrolyzer 
Fluidized Bed 
Pyrolyzer 
1 CO 0.7 4.3 
2 CO2 3.3 3.9 
3 Other gases (H2, CH4, C2H6 and C3H8)  n.d.* 4.2 
4 Formic acid 6.6 7.5 
5 Furan/Acetone 0.7 0.1 
6 Glycolaldehyde 6.7 5.4 
7 Acetic acid 0.0 0.1 
8 2-Methyl furan 0.4 0.0 
9 Acetol 0.3 0.8 
10 2-Furaldehyde 1.3 0.3 
11 2-Furan methanol 0.5 0.0 
12 3-Furan methanol 0.3 0.0 
13 5-Methyl furfural 0.2 0.1 
14 2-Hydroxy-3-methyl cyclopenten-1-one 0.2 0.0 
15 Levoglucosenone 0.4 0.0 
16 5-Hydroxymethyl furfural 2.8 0.0 
17 Anhydro xylopyranose 3.0 0.0 
18 Levoglucosan 58.8 42.0 
19 Levoglucosan - furanose 4.1 0.0 
20 Char 5.4 2.2 
21 Water 4.0** 5.7 
22 Glucose hydrolyzable oligomeric sugars  0.0 ~ 20 
  Total  ~ 100 ~ 99 
All numbers are wt% of the corresponding product produced, based on cellulose feedstock. 
* n.d. – not detected, **water content calculated theoretically (maximum amount of water that would 
be produced is calculated assuming char as pure carbon).  
Table 15 shows that levoglucosan is the major product of cellulose pyrolysis, from 
both the reactors (a result that would have been dramatically different if alkali and alkali 
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earth metals had been present). Besides levoglucosan, significant amounts of other 
anhydrosugars were present in the cellulose-derived bio-oil. A liquid chromatography – mass 
spectrometric (LC-MS) analysis of bio-oil indicated that these compounds were comprised of 
anhydro dimer (m/z 324), dimer (m/z 342), anhydro trimer (m/z 486) and trace quantities of 
anhydro tetramer (m/z 648) and anhydro pentamer (m/z 810) of glucose. However, due to 
unavailability of pure standards, an exact structural identification of these compounds was 
not possible. They were quantified in terms of ‗glucose‘ produced upon their acid hydrolysis 
and reported together as ‗glucose-hydrolyzable oligomeric sugars‘. Optimal acid correspond 
to reacting bio-oil with 0.5M H2SO4 at 110°C for 2hrs.
11
  
Table 16. Carbon, hydrogen and oxygen balance on cellulose pyrolysis products 
Element 
Weight present 
in 100 g 
cellulose 
Micro-pyrolyzer Fluidized bed reactor 
Weight 
accounted for 
unaccounted 
Weight 
accounted for 
unaccounted 
C 44.4 44.4 0.0 41.0 3.5 
H 6.2 5.2 1.0 6.0 0.2 
O 49.4 45.9 3.5 49.6 -0.3 
All numbers are wt%. 
Anhydro xylopyranose and 1,6-anhydro glucofuranose were detected in the non-
volatile fraction of products from the micro-pyrolyzer in yields up to 3.0 and 4.1 wt% 
respectively; however these were not detected in the cellulose bio-oil. Many furan ring 
containing compounds such as 2-furaldehyde, 2-furan methanol, 3-furan methanol, 5-methyl 
furfural and 5-hydroxymethyl furfural were also detected in 0.2-2.8 wt% range in the non-
volatile fraction from the micro-pyrolyzer, whereas these compounds were present at much 
lower concentrations (0.0-0.3 wt%) in the bio-oil from the fluidized bed pyrolyzer. From 
both the reactors, formic acid, glycolaldehyde and acetol were found to be the main low 
molecular weight compounds produced from cellulose apart from non-condensable gases 
which were comprised of mostly CO and CO2. The yield of these compounds was (especially 
gaseous species) considerably greater from the fluidized bed reactor. 
Secondary reactions 
The pyrolysis vapor residence time in the micro-pyrolyzer was 15-20 milliseconds. 
This provided a regime of negligible secondary reactions. In fact, when pure levoglucosan 
was pyrolyzed in a micro-pyrolyzer, it did not decompose even at 500°C. Instead, it sublimed 
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without leaving any residue and was detected as a single peak on the GC corresponding to 
the molecular weight of levoglucosan. This result indicated that, in case of micro-pyrolyzer, 
the pyrolysis products other than levoglucosan emerged directly from the cellulose rather 
than from secondary degradation of levoglucosan. However, most of the primary products 
are fairly reactive at pyrolysis temperatures and can undergo secondary reactions. The extent 
of these reactions depends on their residence time inside the pyrolysis reactor, which was two 
orders of magnitude greater (~ 1.3 s) in case of the fluidized bed reactor.  
The most dramatic difference between these two pyrolysis reactor systems is the 
presence of significant quantities (up to 20%) of glucose-hydrolysable sugars in the cellulose 
bio-oil obtained from the fluidized bed reactor. An LC-MS analysis indicated that these 
sugars were mainly oligomeric compounds of glucose that have essentially zero vapor 
pressure, which raises the question of how they are transported from the pyrolysis reactor to 
the bio-oil recovery system. Piscorz et al.
12
 hypothesized that aerosols formed by thermo-
mechanical ejection of liquefied oligomers subjected to high shearing forces within a 
pyrolysis reactor are responsible for the transport of low volatility compounds. However, in 
our experiments, the linear velocity of the inert gas inside the fluidized bed reactor (38 cm/s) 
was actually lower than that in the micro-pyrolyzer (52 cm/s). In spite of the greater gas 
velocity in the micro-pyrolyzer system, no anhydro oligomeric compounds were detected in 
the pyrolysis products emerging from it. Neither these compounds could be detected in the 
bio-oil sample that was obtained by condensing the vapors exiting the micro-pyrolyzer. 
These results indicate that something other than shearing forces are responsible for the 
appearance of sugars in the bio-oil from the fluidized bed pyrolyzer. Another interesting 
observation could be made from Table 15 is that the total yield of anhydrosugars from the 
micro-pyrolyzer (levoglucosan and 1,6-anhydroglucofuranose) is about the same as the total 
yield of anhydrosugar and sugars for the fluidized bed pyrolyzer. This leads to the hypothesis 
that the primary product of cellulose pyrolysis is levoglucosan, but that secondary reactions 
of levoglucosan (hydrolysis and polymerization), either during transport from the fluidized 
bed pyrolyzer or condensation within the bio-oil recovery system, is responsible for the 
appearance of monomeric and oligomeric sugars in bio-oil. In fact, batch pyrolysis of 
levoglucosan, where residence time is on the order of few minutes, has been reported to 
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produce polymerization products.
13
 The exact structural determination of oligomeric sugars 
in bio-oil can give further insight into the proposed pathway as levoglucosan is expected to 
produce a mixture of α and β; 1,4- and 1,6- bonded oligomeric sugars upon polymerization. 
The mechanism of polymerization and aerosol formation (gas-phase or condensed phase 
reaction) is not known. Recently, Hosoya et al.
14
 have reported that levoglucosan is 
converted selectively into CO and CO2 in the gas phase, whereas dehydration and 
polymerization occurs in the condensed phase. The relative contribution of these reactions is 
not well established and further study is planned to investigate it.  
Another notable difference in the pyrolysis products from two reactors is significantly 
greater yield of gaseous species from the fluidized bed reactor compared to the micro-
pyrolyzer. Besides CO and CO2, the non-condensable gases produced in a fluidized bed 
reactor contained significant amount of H2 (0.1 wt%), methane (0.4 wt%), ethane (0.3 wt%) 
and propane (3.5 wt%). Although these compounds could not be detected in the split stream 
from micro-pyrolyzer, their formation seems unlikely based on mass and elemental balance. 
A slight increase in the yield of low molecular weight compounds (formic acid and acetol) 
was also observed in the case of the fluidized bed reactor. It should be noted that the increase 
in the yield of these species was accompanied with decline in the yields of furans (2-
furaldehyde, 2-furan methanol, 3-furan methanol, 5-methyl furfural and 5-hydroxymethyl 
furfural) and anhydroxylopyranose. Decomposition of 5-hydroxymethyl furfural into formic 
acid and levulinic acid, which can further decompose into CO and other gaseous species has 
been reported.
15
 It is reasonable to believe that similar decomposition of other furans and 
anhydroxylopyranose led to increase in the formation of low molecular weight compounds 
and gaseous species. It should be also be pointed out that secondary char can form as a side 
product of these decomposition reactions; however distinction between primary and 
secondary char was not possible. 
Conclusions 
This study compares the cellulose pyrolysis in a typical fluidized bed reactor with 
micro-pyrolyzer system. The micro-pyrolyzer setup provided a regime of negligible 
secondary reactions and was used as a basis to distinguish and determine the extent of 
secondary reactions. The yield of all pyrolysis products and elemental balance is reported. 
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Polymerization of levoglucosan into anhydro oligomeric sugars and decomposition of 
primary pyrolysis products (anhydroxylopyranose, furans etc.) into low molecular weight 
compounds and gaseous species were prominent secondary reactions. Further work is 
planned to investigate the levoglucosan polymerization and the role of gas- and condensed 
phase reactions in the formation of secondary products. This study provides insight on the 
secondary reactions occurring during pyrolysis and is helpful in building more descriptive 
pyrolysis models that can predict the yield of specific chemical compounds.  
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Chapter 8. General conclusions 
Conclusions 
The research work presented in this dissertation significantly advances the current 
state of knowledge of biomass pyrolysis. Firstly, it provides major insights on the pyrolysis 
pathways of cellulose, hemicellulose and lignin – the three basic constituents of biomass. The 
study shows that these organic polymers are fragmented completely into monomeric 
compounds during pyrolysis. Contrary to conventional belief that oligomeric compounds 
present in bio-oil are transported from the reactor in the form of aerosols of liquefied 
oligomeric fragments, it suggests that they are in fact formed by re-polymerization of the 
monomeric compounds that evolve as primary pyrolysis products. Secondly, the study 
provides understanding of the effect of parameters such as presence of minerals and 
temperature on the pyrolysis which can help making strategic decisions in order to obtain 
bio-oil with desired composition. The primary pyrolysis product distribution data reported in 
this dissertation can also be used as a basis to build more descriptive pyrolysis models that 
can predict yield of specific chemical compounds present in bio-oil. Finally, this study serves 
as a basis for distinguishing secondary reactions from the primary ones, which is important in 
the industrial-scale systems. By comparing the product distribution from primary reactions 
obtained using micro-pyrolyzer and larger scale systems, the extent of secondary reactions 
could be evaluated, which is an important parameter for the reactor design. 
Future Directions 
The current work was critical in ascertaining the products resulting from the fast 
pyrolysis of cellulose, hemicelluloses, and lignin. This study developed the experimental and 
analytical methodology to accurately characterize the products resulting from the primary 
reactions in the fast pyrolysis of these three components individually. While significant new 
insights into the pyrolysis chemistry was developed, an important next step is to determine 
whether there are interaction effects in the primary reactions occurring during the fast 
pyrolysis of these three lignocellulose components. 
Previous studies relating pyrolysis behavior of synthetic biomass obtained via 
physically mixing the individual components in appropriate proportion to the real biomass 
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have employed thermogravimetric analysis and have suggested negligible interaction 
between the individual components of biomass.
1, 2
 However, these studies focused on the 
weight loss characteristics rather than the actual pyrolysis product distribution. Many 
compounds that are produced in significant quantities by pyrolysis of the individual 
components of biomass are fairly reactive and can possibly react/interact with each other 
when co-evolved during the pyrolysis of real biomass. For example, levoglucosan can get 
hydrolyzed in acidic environment. In this reaction, levoglucosan is generated from cellulose, 
whereas water and organic acids are mostly generated from the hemicellulose and lignin 
during pyrolysis. A recent study has also shown that phenolic compounds can act as radical 
scavengers and hinder the formation of low molecular weight compounds from cellulose.
3
 
Another study has shown that phenolic compounds can stabilize levoglucosan by formation 
of complexes involving hydrogen bonds. Such stabilization can prevent the secondary 
reactions of levoglucosan.
4
 Various compounds such as glycolaldehyde and 4-vinyl phenol 
obtained from primary pyrolysis reactions are unstable and tend to oligomerize when 
condensed. All these evidences indicate that interactions between biomass components or 
their pyrolysis products can have a measurable impact on the resulting bio-oil speciation; 
however, this phenomenon is not yet well-understood. Characterizing these interaction 
effects can serve as a very important piece of information when developing an understanding 
of the overall biomass pyrolysis process.  
Another important investigation that needs to be pursued is to understand the 
secondary reactions, which are important in industrial-scale systems. Due to complexity of 
disassociating them from the primary reactions, there has been very limited understanding of 
secondary reactions. The results presented in Chapter 6 and Chapter 7 provide an evidence of 
measureable impact of these reactions on the resulting product distribution. In particular, the 
results suggest that formation of oligomeric compounds is a prominent secondary reaction, 
which proceeds via re-polymerization of the monomeric compounds obtained as primary 
pyrolysis products. In Chapter 6, we hypothesized that these reactions are more likely to 
proceed in the condensed phase, formed by the condensation of the primary products. A 
recent publication by Hosoya et al.
5
 also provides some evidence in line with the above 
hypothesis, where they reported that levoglucosan undergo decomposition in the gas phase 
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whereas polymerization in the condensed phase. However, the exact mechanism and relative 
contribution of the gas-phase and condensed-phase secondary reactions is yet to be 
established. Further, the effect of residence time and presence of suspended char particles in 
the system also needs to be investigated. This could be done by comparing the products 
distribution obtained from larger-scale reactors that employ pyrolysis vapor residence time 
similar to that of industrial-scale systems. The knowledge gained from this study will be 
critical in designing pyrolysis reactors and controlling the end-product distribution.    
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Appendix A. Analytical methodologies 
Micro-pyrolyzer-GC-MS/FID system and product analysis 
The micro-pyrolyzer-GC-MS/FID setup consists of a single shot micro-furnace 
pyrolyzer (model 2020iS, Frontier laboratories, Japan), Gas Chromatograph (GC) (Varian 
CP3800) equipped with two 1177 type injectors and a Flame Ionization Detector (FID) and a 
Mass Spectrometer (MS) (Saturn 2200). The split line from the GC was connected to the De-
Jaye Gas Analyzer, which was equipped with Infra Red (IR) detector cell. It was used to 
measure the CO and CO2 concentration in the outlet stream. Figure 19 shows the overall 
schematic of this experimental system.  
 
Figure 19. Scematic of the micro-pyrolyzer-GC-MS/FID system 
The micro-pyrolyzer assembly consisted of a quartz pyrolysis tube of 4.7 mm inner 
diameter and 114 mm in length. The quartz tube was surrounded by a tubular furnace 
providing uniform heat throughout. The furnace was calibrated to read the centerline 
temperature of the pyrolysis tube, where sample resided during pyrolysis. Pyrolysis tube was 
connected to a needle with an interface union assembly. The needle was injected into the GC-
injector. Interface heater provided uniform heat to the interface union assembly. A 
continuous flow of Helium was maintained through the pyrolyzer throughout the experiments 
which provided the inert atmosphere for pyrolysis and also helped sweep the emerging 
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pyrolysis products out of the reactor as soon as they were produced. Figure 20 shows the 
detailed schematic of the pyrolyzer.  
 
Figure 20. Schematic showing detailed cross-sectional view of the pyrolyzer 
Sample cup was made up of deactivated stainless steel and could be re-used after 
careful cleaning of the pyrolysis residue with the help of soap water, followed by methanol or 
acetone. In a typical test, sample cup was loaded with approximately 500 μg of sample (<75 
μm particles) and about 500 μg of quartz wool. The quartz wool was used to prevent the loss 
of sample due to high gas flow rates and its deposition into the interface and GC-injector. 
The cups were always purged with Helium for 30 s prior to dropping into the furnace, which 
could be done either manually or with the help of an autosampler. The instantaneous heating 
of the sample to the set temperature was achieved as the sample is dropped into the furnace 
(10-15 ms). The heat and mass transfer issues could be avoided using the sufficiently small 
particle and sample size as described above. Depending upon the GC-column flow rate used, 
the linear velocity of the helium through quartz pyrolysis tube varied as 20.5 cm/s 
(corresponding to column flow rate of 1ml/min) or 51.3 cm/s (corresponding to column flow 
rate of 2ml/min), and the vapor residence time through the pyrolyzer varied as 10-20 
milliseconds. The pyrolysis vapors entered the GC-MS/FID system, where they were 
analyzed for its composition. The char or pyrolysis residue remaining in the cup was weighed 
after pyrolysis using a Mettler Toledo microbalance, sensitive to 1 μg.  
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Gas analysis 
The CO and CO2 concentrations in the split stream of GC were recorded during the 
course of pyrolysis using the De-Jaye Gas Analyzer. The instrument was calibrated for CO 
and CO2 using calibration gas cylinder everyday prior to running samples. Figure 21 shows 
typical concentration profile of CO and CO2 emerging from the pyrolysis of hemicellulose 
sample. It should be noted that the split line residence time of the gases is 45-90 s depending 
on the flow rate. The CO and CO2 peaks were integrated to determine their quantitative yield. 
 
Figure 21. CO and CO2 concentration profiles in the split stream of the GC, generated from the 
pyrolysis of hemicellulose  
Product identification 
Most of the compounds present in pyrolysis vapors could be detected using GC-
MS/FID system. These compounds could be detected using either a non-polar column UA-5 
(Ultra alloy – 5 column, Frontier Laboratories, Japan) or a medium polarity column UA-1701 
(Ultra alloy – 5 column, Frontier Laboratories, Japan). The compound identification was 
based on following methods. The mass spectra of the peaks were compared with standard 
spectra of other compounds using the NIST library to obtain the most probable matches. In 
some cases, the retention index concept was utilized for determining the best assignment. 
Literature comparisons of the identified compounds and their elution pattern were made to 
identify the peak. The pure compounds corresponding to the best estimated assignments for 
the peaks were obtained from commercial chemical companies. These pure compounds were 
then used to confirm the peak identification and to calibrate the GC-column.  
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Calibration of the GC column 
Internal standard could not be used due to the nature of experiments, which involved 
pyrolysis of samples. The GC-column was calibrated using solutions of known 
concentrations of pure compounds as external standards. In general, five calibration levels 
were used with appropriate solvent (water, methanol or acetone). For the case of 
levoglucosan and glycolaldehyde, the GC-column was calibrated by passing different 
amounts of these compounds directly through the pyrolyzer. The calibration response factors 
were checked once in two to three months to determine any variation and the GC-column 
was re-calibrated if necessary.  
As an example, the calibration curve for acetol obtained using the Star Workstation 
(GC-software) is shown in Figure 22, where x axis represents the amount of acetol loaded on 
the GC-column (in μg) and y axis represents the peak area.  
 
Figure 22. Calibration curve for acetol  
The information related to retention time, major peak ions (detected using MS), 
identified and confirmed compound name, calibration range (for FID), r
2
 value and the slope 
and intercept for the calibration line is presented in Table 17 and 18. Table 17 lists the 
pyrolysis products of cellulose and hemicellulose whereas Table 18 lists the pyrolysis 
products of lignin. The cellulose and hemicellulose products were analyzed using UA-5 
(non-polar) column whereas lignin pyrolysis products were analyzed using UA-1701 column. 
The method information is reported in Chapter 3 and Chapter 6 respectively. 
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Table 17. Peak identification and calibration information for cellulose and hemicellulose pyrolysis products 
Retention 
time (min.) 
Major ion(s) 
Calibration 
range
† 
r
2
 
value 
Compound Slope Intercept 
1.40 18, 29, 44 0.0-10.0 0.95 Acetaldehyde 12245 0.0 
1.48 18,45 0.0-10.0 0.98 Formic acid 1175.9 0.0 
1.58 43, 58, 68 0.0-5.0 0.98 Furan/acetone 39307 0.0 
1.91 43, 60 0.0-25.0 0.98 Glycolaldehyde 3562.9 0.0 
2.18 39, 53, 82 0.0-5.0 0.98 2-methyl furan 21887 0.0 
2.26 43, 60 0.0-10.0 0.98 Acetic acid 21605 0.0 
2.81 43, 74 0.0-20.0 0.99 Acetol (1-hydroxy-propanone) 10854 0.0 
6.66 39, 96 0.0-5.0 0.99 2-Furaldehyde 10720 0.0 
7.46 53, 68, 81, 98 0.0-2.5 0.99 2-Furan methanol 5701.2 0.0 
7.84 39, 55, 68, 98 0.0-2.5 0.99 3-Furan methanol 22915 0.0 
10.76 53, 81, 110 0.0-2.5 0.99 5-Methyl furfural 13819 0.0 
12.86 39, 55, 69, 112 0.0-6.0 0.99 2-Hydroxy-3-methyl-2-cyclopenten-1-one 9070.7 0.0 
15.36 39, 68, 98 0.0-3.0 0.97 Levoglucosenone 6575.7 0.0 
19.26 39, 97, 109, 126 0.0-5.0 0.99 5-(Hydroxymethyl)-2-furancarboxaldehyde 17246 -136720 
25.73 60, 73, 126, 145 0.0-60.0 0.98 1,6-Anhydro-β-D-glucopyranose 12415 0.0 
10.52 43, 55, 58, 114 - - Other Dianhydroxylopyranose 1* - - 
10.83 43, 55, 86, 114 - - Dianhydroxylopyranose (DAXP) 1* - - 
11.88 29, 58, 85, 114 - - Dianhydroxylopyranose 2 (Mol. Wt. 114)* - - 
17.88 43, 55, 58, 114 - - Other Dianhydroxylopyranose 2* - - 
18.34 39, 69, 98, 126 - - 1,4;3,6-Dianhydro-α-D-glucopyranose* - - 
21.27 39, 69, 98, 144 - - Anhydroxylopyranose (AXP)* - - 
24.84 57, 73, 86, 114 - - Other Anhydroxylopyranose* - - 
26.26 73, 85, 126, 145 - - 1,6-Anhydro- β-D-glucofuranose* - - 
 Column used – UA-5, method information reported in Chapter 3. 
†
in wt% based on 500μg of feedstock, 
*not confirmed by pure standards 
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Table 18. Peak identification and calibration information for lignin pyrolysis products 
Retention 
time (min.) 
Major ions 
Calibration 
range
† 
r
2
 
Value 
Compound name Slope Intercept 
5.68 18, 29, 44, 45 0-10 0.99 Acetaldehyde 40980.0 0.0 
6.62 18, 45, 47, 56 0-10 0.94 Formic acid/Acetone 40980.0 0.0 
8.93 39, 53, 82 0-5 0.99 2-methyl furan 14676.0 0.0 
13.14 43, 61 0-25 0.99 Acetic acid 3370.3 0.0 
19.69 35, 67, 95, 96 0-5 0.98 2-furaldehyde 14676.0 0.0 
27.34 39, 65, 94 0-5 0.99 Phenol 11629.0 0.0 
28.01 53, 81, 109, 124 0-5 0.99 2-methoxy phenol 21144.0 0.0 
28.79 39, 51, 79, 107 0-5 0.98 2-methyl phenol 28293.0 0.0 
29.8 39, 51, 79, 108 0-5 0.98 4-methyl phenol 26693.0 0.0 
30.93 67,123,138 0-5 0.98 2-methoxy-4-methyl phenol 22426.0 0.0 
31.1 77, 107, 122 0-5 0.99 3,5-dimethyl phenol 28960.0 0.0 
32.25 107, 122 0-5 0.98 3-ethyl phenol 30395.0 0.0 
33.21 137, 152 0-5 0.98 4-ethyl-2-methoxy phenol 24262.0 0.0 
34.62 63, 91, 107, 120 0-5 0.98 4-vinyl phenol 23227 0.0 
34.77 77, 91, 107, 135, 150 0-5 0.99 2-methoxy-4-vinyl phenol 37207 0.0 
36.1 93, 111, 139, 154 0-5 0.98 2,6-dimethoxy phenol 18519.0 0.0 
38.05 103, 121, 149, 164 0-5 0.98 2-methoxy-4-(1-propenyl)-phenol (Euginol) 25543.0 0.0 
38.32 107, 125, 153, 168 0-5 0.99 4-methyl-2,6-dimethoxyphenol 18293.0 0.0 
40.02 139, 151, 167, 182 0-5 0.99 3,5-dimethoxy-4-hydroxy benzaldehyde 9207.5 0.0 
41.39 91, 137, 165, 180 0-3 0.99 3‘,4‘-dimethoxy acetophenone 30524 0.0 
41.82 91, 137, 167, 194 0-5 0.99 4-allyl-2,6-dimethoxyphenol 33431 0.0 
44.29 91, 179, 194 - - 4-allyl-2,5-dimethoxyphenol* 
  
46.53 153, 181, 196 0-5 0.99 3‘,5‘-dimethoxy-4‘-hydroxy acetophenone 14071.0 0.0 
47.35 168, 210 0-5 0.96 Sinapyl alcohol 4077.7 0.0 
Column used – UA-1701, method information reported in Chapter 6. 
†
in wt% based on 500μg of feedstock, 
*not confirmed by pure standards. 
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In case of compounds that could not be confirmed due to unavailability of the pure standards, 
calibration of closest possible isomeric compound based on mass spectrum and retention time 
was used to determine the quantitative yield.  
GC-MS versus GC-FID 
Mass spectrometer had low response for the low molecular weight compounds such 
as formic acid, acetaldehyde, glycoldehyde and acetic acid. Shown in Figure 23 is the 
comparison of the pyrolysis products of (cellulose + 0.5% ash) sample analyzed by GC-MS 
and GC-FID. It clearly shows the comparison of response of two detectors (MS and FID) for 
low molecular weight compounds. Further, the response of MS varied with varying electrode 
potential over time. For this reason, once compounds were identified using MS, FID was 
used for recording the chromatograms and determining the quantitative product yields.  
 
Figure 23. Pyrolysis products of (Cellulose + 0.5% ash) sample, analyzed using GC-MS and GC-FID  
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Recovery of non-volatile products 
The GC non-detectable compounds present in pyrolysis vapors were determined by 
condensing the pyrolysis vapors and aerosols exiting the pyrolyzer. This was achieved by 
replacing the GC-column with 10 cm long inert tube (530 μm inner diameter) and increasing 
the interface and injector temperature to 400°C. The other end of the inert tube was dipped in 
the methanol surrounded with an ice bath and the pyrolysis vapors including aerosols were 
continuously bubbled through it. Figure 24 shows schematic of this modification to the GC 
setup.  
 
Figure 24. Modification to the GC setup to collect non-volatile fraction of the pyrolysis products 
Pyrolysis products were condensed partly on the wall of this tube and partly in the 
methanol. The inert tube was washed thoroughly with sufficient amount of methanol to 
ensure collection of all the condensed products. In some cases, this solution of products in 
methanol was used as it was, to determine the products. In other cases, the methanol and 
volatile components of the collected sample were evaporated in an oven at 45°C overnight to 
obtain a non-volatile fraction (NVF). This NVF was analyzed as per standard procedures for 
determining the GC non-detectable components.   
Bio-oil analysis 
The GC non-detectable compounds present in bio-oil/NVF sample obtained from the 
micro-pyrolyzer or the fluidized bed reactor were determined using combination of analytical 
techniques as discussed below.  
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Capillary Electrophoresis 
Capillary Electrophoresis (CAPE) technique was used to determine the presence of 
reducing sugars present in the bio-oil. The analysis was performed on a P/ACE MDQ 
Glycoprotein System (Beckman Coulter, USA). The technique involved derivatization of the 
sample, where reducing sugars present in bio-oil were reacted with the APTS reagent (8-
Aminopyrene-1,3,6-trisulfonic acid trisodium salt). The derivatized samples were injected 
into ‗N-CHO coated‘ capillary column obtained from ProteomeLab (reverse polarity, 65 cm 
in length and 50 μm in inner diameter). The separation was achieved using 25 mM sodium 
tetraborate buffer (pH 9.2), at 23.6 kV. The temperature of the capillary was controlled to 
20°C. A laser induced fluorescence (LIF) detector employing a 3 mW Ar-ion laser 
(excitation wavelength of 488 nm and emission wavelength of 520 nm) was used to detect 
the peaks. The data was processed using the 32Karat software package (Beckman Coulter).  
Analysis of hemicellulose bio-oil (obtained from micro-pyrolyzer) showed presence of 
xylose and trace amount of xylobiose (see Figure 25).  
 
Figure 25. CAPE analysis of hemicellulose bio-oil (red). Shown in blue is the standard solution 
Analysis of cellulose bio-oil (obtained from fluidized bed reactor) showed presence 
of glucose and cellobiose. Peaks at retention time 9.5 min, 11.0 min, 11.8 min. and 12.5 min. 
are believed to be consisting of trimer, tetramer, pentamer and hexamer respectively (see 
Figure 26) whereas peaks in the vicinity of major peaks were believed to be isomeric sugars.   
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Figure 26. CAPE analysis of cellulose bio-oil  
Liquid Chromatography – Mass Spectrometry 
Liquid Chromatography – Mass Spectrometry (LCMS) analysis of bio-oil samples (1 
mg/ml solution in methanol) was performed on Agilent Technologies 1100 series LC-MS.  
Ten microliters of bio-oil sample (10 mg/ml in methanol) was injected in Agilent-NH2 
column. Mobile phase consisted of CH3CN/H2O (75/25) solvent system at the flow rate of 
0.2 ml/min. The oven temperature was 40°C. Figure 27 shows the chromatogram that 
resulted from the cellulose bio-oil (obtained from fluidized bed reactor) analysis. Three peaks 
at 1.8, 2.5 and 5.9 minutes were observed. The peak at 1.8 min showed mass ions 514 
(trimer), peak at 2.5 min showed the mass ions 324 (anhydro dimer), 342 (dimer), 496 
(anhydro trimer), 514 (trimer) whereas peak at 5.9 min showed the presence of higher 
molecular weight fragments that corresponded to anhydro tetramer and anhydro pentamer. It 
should however be noted that the column used for this analysis was unable to clearly separate 
all the compounds, which seemed to be co-eluted. Due to unavailability of the column as 
well as standards, further confirmation could not be done. The cellulose and hemicellulose 
bio-oil samples obtained from micro-pyrolyzer did not show the presence of oligomeric 
sugars.  
Minutes
7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0
R
F
U
0
20
40
60
80
100
R
F
U
0
20
40
60
80
100LIF - Channel 1
C4-Std 60
Raj Cellulose test
Migration Time
A
P
T
S
 r
e
a
g
e
n
t
c
e
ll
o
b
io
se
c
e
ll
o
tr
io
se
?
 
g
lu
c
o
se
G1 G2 G3 G4 G5 G6
Number of 
glucose rings
136 
 
 
Figure 27. LC-MS analysis of cellulose bio-oil 
Ion Chromatography 
LC-MS technique could not be used to quantitatively determine the yield of 
oligomeric sugar compounds present in the cellulose bio-oil. Nevertheless, it showed that 
these oligomeric compounds were comprised of glucose. The oligomeric compounds of 
glucose, along with levoglucosan (which was detectable by GC) could be hydrolyzed into 
glucose via simple acid hydrolysis. Ion chromatography was then used to determine the 
glucose content of the acid hydrolyzed sample of cellulose bio-oil.  
 
Figure 28. Ion Chromatographic analysis of acid hydrolyzed cellulose bio-oil with different reaction 
times  
The acid hydrolysis was conducted in a sealed glass tube placed in a heated oil bath at 
110°C for 1-4 hrs. Approximately 15 mg of bio-oil was mixed with 1.5 ml of 0.5M H2SO4 
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solution and was continuously stirred during the hydrolysis reaction. The glucose content of 
the reaction mixture was measured on an Ion Chromatograph (IC) (Dinonex 3000) equipped 
with a pulsed amperometric detector. 25 μL of sample was injected into a carbopac PA1 
column, maintained at 30°C. 1 ml/min of 100 mM NaOH was used as mobile phase. Two 
hours of reaction time was found optimal for hydrolysis. Further reaction resulted in 
decomposition of glucose, lowering its yield. Figure 28 shows the formation of glucose over 
time. The content of oligomeric sugars was calculated by first determining the glucose yield 
after two hours of hydrolysis and then subtracting the amount of glucose produced by 
levoglucosan from it.  
Biomass Analysis 
Biomass samples were analyzed to determine cellulose, lignin and ash content. 
Hemicellulose content was determined by difference. For determining ash content, 
approximately 1 g of biomass was subjected to 575  25°C in a furnace for about 5 hrs. The 
weight of the residue was measured gravimetrically.   
Seifert Technique was used to determine the cellulose content. According to this 
method, 0.5 g of biomass was added to a solution of acetylacetone (6 ml), 1,4-dioxane (2 ml) 
and concentrated hydrochloric acid (1.5 ml) in a 25 ml round bottomed flask. The mixture 
was boiled (~ 60°C) for 30 minutes. After cooling, the mixture was filtered under vacuum 
and the residue was washed sequentially with methanol (50 ml), hot water (150 ml), 
methanol (50 ml) and acetone (50 ml). The sample was dried over night at a temperature of 
105°C and was weighed to determine cellulose content.  
Lignin content was determined using ASTM E 1721-01 method. About 0.3 g of 
biomass was placed in a 100 ml sealed bottle. To this flask, 3 ml 72% H2SO4 was added. The 
mixture was maintained at a temperature of 30°C for 2 hrs with continuous stirring. At the 
end of 2 hrs, the mixture was diluted to 4% H2SO4 by adding 84.0 ml of deionized water. 
This mixture was heated in oven at 110°C for 1 hour. At the end of this reaction, mixture was 
cooled, filtered under vacuum followed by washing with hot deionized water.  The residue 
was dried at 105°C and weighed to determine the lignin content.  
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Hemicellulose extraction and characterization 
The traditional hemicellulose extraction methods result in significant mineral residues 
in the extracted hemicellulose. In order to obtain relatively pure hemicellulose from biomass, 
following method for hemicellulose extraction was developed based on the methods reported 
in the literature. It involved three steps: first – delignification of biomass using sodium 
chlorite and acetic acid to obtain holocellulose. Second step involved extracting 
hemicellulose from holocellulose using 1-5% alkali solution. Third step involved purification 
of hemicellulose using dialysis. A standard procedure to isolate hemicellulose is given 
below: 
320 ml deionized water was placed in a 500 ml Erlenmeyer flask. The flask was 
heated to 70-80°C on a hot plate with continuous stirring. Ten grams of biomass was added 
to the flask, followed by the addition of 3g sodium chlorite and 1 ml glacial acetic acid. A 
small (25 ml) Erlenmeyer flask was placed inverted on top of the large (500 ml) flask to 
prevent loss of any chlorine or ClO2 formed in situ. The flask was maintained at 70°C for 
three hours, while the additions of 3g sodium chlorite and 1 ml glacial acetic acid were 
repeated at the end of 1
st
 and 2
nd
 hour. At the end of the third hour, flask was cooled to room 
temperature and centrifuged at 3000 rpm for 15 minutes to separate holocellulose (formed 
white pellet). The holocellulose was washed in about 500 ml deionized water, followed by 
separation using centrifuge. The water washed holocellulose was treated with 500 ml of 1% 
potassium hydroxide solution at 70°C for 4 hours. After 4 hours, the reaction mixture was 
cooled to room temperature and was neutralized by addition of concentrated HCl. The pH of 
the mixture was adjusted to 4-5, followed by the addition of 2x volume of 95% ethanol to 
precipitate out hemicellulose. Hemicellulose was allowed to settle overnight, followed by 
centrifuging the mixture at 3000 rpm for 20 minutes to separate the hemicellulose pellet. 
Hemicellulose pellet was washed with 95% ethanol and acetone, followed by drying over 
vacuum filter. The hemicellulose powder was further dried in an oven at 50°C overnight. 
This hemicellulose sample was further purified by dissolving it in water (partially soluble) 
and suspending it in a dialysis bag of molecular weight cut off of 500 Da. The dialysis bag 
was placed in a 1000ml beaker containing deionized water. The water from this beaker was 
changed with deionized water every 12 hrs for 4-5 days, followed by precipitating out 
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hemicellulose suspended in the dialysis bag using 2x volume of 95% ethanol. The 
hemicellulose is washed with acetone and dried in an oven at 50°C obtain a powder.  
The monomer composition of hemicellulose was determined using IC (Dionex 3000), 
using a similar method that was used to determine the glucose content of the cellulose bio-
oil. The hemicellulose sample was hydrolyzed using 4% H2SO4 solution at 100°C for 12 hrs. 
The resulting reaction mixture was analyzed for xylose, arabinose, glucose and galactose 
content.  
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Appendix B. Effect of pretreatments on biomass fast pyrolysis  
A paper to be submitted to Energy & Fuels 
Pushkaraj R. Patwardhan
1
, Brent H. Shanks
1
 and Robert C. Brown
2
  
Abstract 
In this study, four different biomass feedstocks – switchgrass (herbaceous), 
cornstover (agricultural residue), pine (softwood) and hardwood (red oak) – were pre-treated 
using dilute acid washing and torrefaction techniques. Effect of pre-treatments on the 
composition of biomass was studied. The biomass samples were pyrolyzed in a micro-
pyrolyzer directly connected with the GC-MS/FID system to analyze the primary pyrolysis 
products. Effect of pre-treatments on the product distribution was evaluated.   
Introduction  
Fast pyrolysis of biomass is one of the promising techniques to transform solid 
biomass into a liquid product, known as ‗bio-oil‘ or ‗bio-crude‘. Bio-oil has been considered 
as a renewable alternative for crude oil that can be converted into ‗drop-in‘ transportation 
fuels. However, these processes are not yet economical. The major obstacles in utilization of 
bio-oil include its complex chemical composition and instability. Bio-oil is a complex 
mixture of many different chemicals such as carboxylic acids, hydroxyaldehydes, 
hydroxyketones, furan/pyran ring containing compounds, anhydro sugars, phenolic 
compounds and oligomeric fragments that are formed during pyrolysis. Such vast 
composition imparts some unfavorable properties to the bio-oil. For example, carboxylic 
acids (mainly formic acid and acetic acid) impart a pH of 2-3 to the bio-oil making it 
unsuitable for storage and downstream processing. Lower molecular weight compounds such 
as glycolaldehyde are fairly reactive and they tend to react with other compounds present in 
bio-oil, producing oligomeric compounds. Considering these issues, there has been a great 
interest in developing techniques to tailor the bio-oil composition that can make it more 
compatible for upgrading. Bio-oil composition depends largely on the composition of 
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biomass and one effective way to tailor it is by modifying the biomass composition using 
pre-treatments such as dilute acid washing (removes minerals) and torrefaction (removes 
hemicellulose). The goal of present work was to evaluate the effect of dilute acid washing 
and torrefaction on the biomass composition and resulting pyrolysis product distribution.  
Minerals present in biomass, exert an extraordinary influence on the pyrolysis product 
distribution. Piscorz et al.
1
 first reported that when Poplar wood (ash content 0.46 wt%) was 
demineralized (ash content 0.04 wt%), the yield of bio-oil increased from 66 wt% to 80 wt%. 
This increase was accompanied by decrease in the formation of char, water and non-
condensable gases. Further, the levoglucosan content of bio-oil was also increased from 3.0 
wt% to 30.0 wt% accompanied with decrease in the glycolaldehyde content from 10.0 wt% 
to 0.4 wt% and acetic acid content from 5.0 wt% to 0.2 wt%. Later, similar effect of 
demineralization on various other feedstocks has been reported by many researchers.
2-5
 It is 
now well established that formation of low molecular weight compounds (especially 
carboxylic acids and reactive aldehydes/ketones) could be prevented by demineralizing 
biomass prior to pyrolysis. Several techniques (water leaching, dilute acid washing, acid 
hydrolysis and addition of catalyst) have been proposed for demineralization, out of which 
dilute acid washing has been found to be the most effective in removing minerals with little 
modifications to the biomass structure.
3
  
Another component responsible for generating low molecular weight compounds and 
acids during pyrolysis is hemicellulose. It is the least thermally resistant component of 
biomass, which degrades between 220-315°C temperature range.
6
 We have recently reported 
the major pyrolysis products of hemicellulose, which included formic acid, acetic acid and 
acetol.
7
 Hemicellulose can be selectively removed from biomass using a pretreatment 
technique called as torrefaction. During torrefaction, biomass is heated to 200-350°C in the 
inert atmosphere. The resulting product is devoid of moisture and low thermally resistant 
components. Although torrefaction process was initially proposed for improving biomass 
properties, such as energy density and friability; it has been recently proposed as a pre-
treatment technique to control biomass composition. The effect of torrefaction on the 
resulting pyrolysis products has not been well established.  
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The main objective of this work was to evaluate two pretreatment techniques – dilute 
acid washing and torrefaction. The effect of these pretreatments on biomass composition as 
well as its pyrolysis product distribution was studied. This study provides insights on the 
relative role of these pretreatment techniques in controlling the bio-oil composition.  
Experimental 
Biomass feedstocks 
Four biomass samples were selected based on the following categories: herbaceous 
(switchgrass), agricultural residue (corn stover), soft wood (pine) and hardwood (red oak). 
The switchgrass sample was procured from Iowa State University Agronomy Department 
farm. Biomass samples were ground using knife mill and were sieved to obtain <100 μm 
particles.  
Biomass pretreatments 
Biomass samples were demineralized using dilute acid washing. 10 g of biomass was 
thoroughly washed for appropriate amount of time with 100 ml 1N HCl using a magnetic 
stirrer. This wash was followed by two successive washes with deionized water for 15 
minutes. The washed samples were dried in an oven under vacuum at 70°C overnight.  
Acid washed biomass samples were torrified in a 2L stainless steel reactor. 4.5 L/min 
of nitrogen flow was maintained to provide the inert atmosphere. Temperature was controlled 
by preheater (used to preheat nitrogen) and ceramic heaters surrounding the reactors. A 
typical torrefaction run involved loading 25 g of biomass in a basket made up of metal mesh 
(2 μm) into the reactor, followed by heating it to desired temperature for 1 hour.  
Biomass composition 
Biomass samples were analyzed to determine cellulose, lignin and ash content. 
Hemicellulose content was determined by difference. For determining ash content, 
approximately 1 g of biomass was subjected to 575  25oC in a furnace for about 5 hrs. The 
weight of the residue was measured gravimetrically.   
Seifert Technique was used to determine the cellulose content. According to this 
method, 0.5 g of biomass was added to a solution of acetylacetone (6 ml), 1,4-dioxane (2 ml) 
and concentrated hydrochloric acid (1.5 ml) in a 25 ml round bottomed flask. The mixture 
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was boiled (~ 60°C) for 30 minutes. After cooling, the mixture was filtered under vacuum 
and the residue was washed sequentially with methanol (50 ml), hot water (150 ml), 
methanol (50 ml) and acetone (50 ml). The sample was dried over night at a temperature of 
105
o
C and was weighed to determine cellulose content.  
Lignin content was determined using ASTM E 1721-01 method. About 0.3 g of 
biomass was placed in a 100 ml sealed bottle. To this flask, 3 ml 72% H2SO4 was added. The 
mixture was maintained at a temperature of 30°C for 2 hrs with continuous stirring. At the 
end of 2 hrs, the mixture was diluted to 4% H2SO4 by adding 84.0 ml of deionized water. 
This mixture was heated in oven at 110°C for 1 hour. At the end of this reaction, mixture was 
cooled, filtered under vacuum followed by washing with hot deionized water.  The residue 
was dried at 105°C and weighed to determine the lignin content.  
Pyrolyzer-GC-MS/FID experiments 
Detailed description of the micro-pyrolyzer system has been reported previously.
8
 In 
brief, about 500 μg of biomass was placed in a sample cup made up of metal deactivated 
stainless steel. The sample cup was purged with helium for 30 s and was dropped into the 
furnace, preheated to 500°C. Continuous flow of helium (linear velocity 20.5 cm/s) was 
maintained through the pyrolyzer, which also helped sweep the pyrolysis products out of the 
reactor as soon as they were formed. The vapor residence time inside the reactor was about 
15-20 ms. Pyrolysis vapors directly entered gas chromatograph (GC) – mass spectrometer 
(MS) system which was used to identify various compounds present in them. Flame 
Ionization Detector (FID) was used to calibrate and quantify the product yields. 
Chromatographic separation was achieved on alloy capillary column (Ultra Alloy-1701, 
Frontier Laboratories, Japan) having high thermal resistance (30 m x 0.250 mm and 0.250 
μm film thickness with stationary phase consisting of 14% cynopropylphenylsiloxane) with a 
carrier gas flow of 1 ml/min. An injector temperature of 300°C and a split ratio 1:100 was 
used.  The GC oven temperature program began with a 3 min. hold at 35°C followed by 
heating to 300°C at 5°C/min.  The final temperature was held for 4 min. Detector 
temperature of 300°C, H2 flow rate of 30 ml/min and air flow rate of 300 ml/min was used.  
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The split line of GC was connected to the De Jaye gas analyzer which was calibrated 
to read the CO and CO2 concentrations. CO and CO2 concentrations in the split stream were 
recorded as real time measurements every second during the course of pyrolysis.    
Results and Discussion 
Biomass composition 
The hemicellulose, cellulose, lignin and ash content of four biomass samples is shown 
in Table 19. The hemicellulose content of switchgrass and cornstover was greater than that of 
woody biomasses which contained more lignin than herbaceous biomasses. Cellulose content 
of biomass feedstocks ranged from 33 wt% in switchgrass to 45 wt% in pine. Woody 
biomass produced less ash than herbaceous biomass. Amongst herbaceous feedstocks, 
switchgrass contained largest amount of minerals (indicated by the 4.5 wt% ash content). The 
composition of switchgrass ash was analyzed using X-ray Florescence (XRF) technique and 
has been reported previously.
9
 Silica was the largest component of switchgrass ash (72 wt%), 
whereas sodium (0.8 wt%), potassium (6.2 wt%), magnesium (2.8 wt%) and calcium (6.2 
wt%) oxides were the other major components that had remarkable influence on pyrolysis.  
Table 19. Cellulose, hemicellulose, lignin and ash content of biomass samples 
Biomass Cellulose Lignin Ash Hemicellulose 
Switchgrass 33.2±2.8 44.9±0.7 4.5±0.3 17.4 
Cornstover 40.3±1.4 34.7±2.0 3.7±0.2 21.4 
Pine 45.4±0.2 41.2±8.8 2.7±0.1 10.7 
Oak 35.6±0.2 48.4±4.2 0.6±0.1 15.5 
Dilute Acid Washing 
Dilute acid washing has been reported to be the effective method to demineralized 
biomass.
3
 In the current study, 1N HCl solution was used as dilute acid. In order to assess the 
effect of acid washing time on the mineral removal efficiency, switchgrass was washed for 
various amounts of time ranging from 15 min. to 2 hrs. The overall ash content and 
specifically, sodium, potassium, magnesium and calcium ion contents were measured (see 
Figure 29 and Table 20). The ash content of switchgrass was reduced from 4.5 wt% to 3.2 
wt% after 15 min. of acid washing and did not decrease upon further increase in the acid 
washing time. Although the acid washed samples contained 3.2 wt% ash, the content of 
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sodium, potassium, magnesium and calcium ion was significantly decreased. For example, 
upon 15 min. of acid washing, potassium content of switchgrass reduced from 2822 ppm to 
325 ppm, and calcium content was reduced from 2744 ppm to 122 ppm. Thus, for all other 
biomass samples, 1N HCl and residence time of 15 min. was used. The 3.2 wt% residual ash 
is believed to contain mostly silica, which was present up to 72 wt% in switchgrass ash. 
Organic acids (formic acid and acetic acid) are present in significant quantities in the bio-oil. 
Use of these acids instead of inorganic acids can have significant advantages such as 
reducing waste and making the process more environmentally friendly. In order to assess the 
effectiveness of these organic acids, switchgrass was washed with 1N formic acid and 1N 
acetic acid for 2hrs. This treatment reduced the ash content of switchgrass to 3.2 and 3.3 wt% 
respectively; however, it did not result in effective removal of the sodium, potassium, 
magnesium and calcium ions. This result could be ascribed to the less dissociation and 
reactivity of organic acids with the mineral ions present in biomass.  
 
Figure 29. Effect of acid washing time and type of acid used on the overall ash content of 
switchgrass.  
1N HCl (), 1N Formic acid () and 1N Acetic acid () 
Table 20. Effect of retention time and type of acid on the demineralization of switchgrass 
Sample K Na Mg Ca 
Switchgrass (SG) 2822 42 1122 2744 
SG - 15 mins 1N HCl 325 25 42 122 
SG - 30 mins 1N HCl 797 36 35 122 
SG - 60 mins 1N HCl 628 33 48 97 
SG - 120 mins 1N HCl 213 47 50 102 
SG - 120 mins 1N Formic Acid 1434 32 301 1684 
SG - 120 mins 1N Acetic Acid 1270 24 211 1838 
All numbers are in ppm. 
0
1
2
3
4
5
0 30 60 90 120
A
sh
 c
o
n
te
n
t 
(w
ei
g
h
t%
)
Time (minutes)
146 
 
Torrefaction 
In order to understand the relative contribution of minerals and hemicellulose in the 
formation low molecular weight compounds during pyrolysis, acid washed biomass samples 
were torrified. The aim of torrefaction pretreatment was to selectively remove hemicellulose 
from biomass. However, this needs careful control of the torrefaction temperature as 
cellulose can also decompose at greater temperatures. To simulate the cellulose 
decomposition present in biomass, cellulose was doped with 4.5 wt% switchgrass ash and the 
thermal decomposition profile of this sample was recorded using thermogravimetric analyzer 
(TGA) (Mettler Toledo, Thermobalance) under inert atmosphere. The cellulose 
decomposition started around 200°C and was rapid after 220°C. Thus, to avoid the 
decomposition of cellulose present in biomass, samples were torrified at 220°C. After 
torrefaction all the biomass samples turned brown in color. About 8-12 wt% of mass loss was 
observed from all the biomass samples. This mass was mainly comprised of moisture (< 5 
wt%) and hemicellulose fraction of biomass (see Figure 30).   
 
Figure 30. Effect of torrefaction on biomass composition 
SG – switchgrass, CS – cornstover, prefix ‗T‘ represents torrified sample. 
Pyrolysis Product Distribution 
The original, acid washed and torrified biomass samples were pyrolyzed at 500°C. 
About 45 pyrolysis products were identified and their yield is reported in Tables 21 and 22. 
Formic acid and acetone had same retention time and their yield is reported together based on 
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the acetone calibration. The mass spectrum of 5 compounds that reported as unidentified 
indicated that they were isomers of nearby major peaks. For example, ‗Unidentified 1‘ 
seemed to be an isomer of 2-furan methanol; ‗Unidentified 2‘ and ‗Unidentified 3‘ seemed 
isomers of furfural whereas ‗Unidentified 4‘ appeared to be the isomer of 5-methyl furfural. 
The calibration of major compounds was used to quantify unidentified peaks. Compounds – 
‗Dianhydroxylopyranose 1‘, ‗Dianhydroxylopyranose 2‘, ‗1,4:3,6-dianhydro-alpha-d-
glucopyranose‘ and ‗other anhydro sugars‘ were detected in pyrolysis of pure hemicellulose 
and cellulose however could not be definitively confirmed due to absence of pure standards. 
Yield of ‗Dianhydroxylopyranose 1‘ and ‗Dianhydroxylopyranose 2‘ was determined based 
on the calibration of 4-Hydroxy-5-methyl-3-furanone (molecular weight 114), whereas yield 
of ‗1,4:3,6-dianhydro-alpha-d-glucopyranose‘ and ‗other anhydro sugars‘ was determined 
based on the levoglucosan calibration. Similarly, yield of 4-allyl-2,5-dimethoxyphenol was 
estimated based on the calibration of 4-allyl-2,5-dimethoxyphenol and the yield of 
‗Unidentified 5‘ was determined based on the sinapyl alcohol calibration.  
From Tables 21 and 22, it is evident that acid washing of biomass significantly 
reduced the formation of low molecular weight compounds, especially CO2, acetic acid and 
acetol. This decrease was accompanied by significant increase in the formation of 
levoglucosan. Increase in the yield of other anhydro sugars, 2-furaldehyde and 5-
hydroxymethyl furfural was also observed. This result could be attributed the catalytic effect 
of minerals on the pyrolysis of cellulose and hemicellulose, which resulted in increased 
formation of low molecular weight compounds such as acetic acid and acetol in competition 
with anhydro sugars and furan ring derivatives. No significant impact of acid washing was 
observed on the yield of phenolic compounds. This result is also in good agreement with the 
observed negligible impact of minerals on pyrolysis of lignin.   
The acid washed biomass samples were further torrified to selectively remove 
hemicellulose. From Tables 21 and 22, it can be observed that upon torrefaction, no further 
decrease in the yield of CO2 was observed. Compared to the decrease in the yield of acetic 
acid and acetol upon acid washing, relatively small decrease was observed in the torrified 
biomass samples. This result indicates strong impact of minerals in the formation of these 
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Table 21. Effect of pretreatments on the primary pyrolysis product distribution of Switchgrass and Cornstover 
Sr. No.  Compound SG1 AW2 SG AWT3 SG CS4 AW CS AWT CS 
1 CO 3.4 1.9 2.4 3.8 3.8 2.5 
2 CO2 10.1 8.1 9.9 13.9 10.2 11 
  Subtotal 1 13.5 10.0 12.3 17.7 14.0 13.5 
3 Acetaldehyde 0.2 0.0 0.2 0.1 0.2 0.2 
4 Formic acid/Acetone 0.3 0.2 0.2 0.3 0.3 0.3 
5 Furan 0.1 0.1 0.1 0.0 0.1 0.1 
6 Acetone 0.1 0.1 0.1 0.1 0.1 0.1 
7 2-methyl furan 1.0 0.8 0.6 1.1 0.7 0.9 
8 Acetic acid 8.3 2.4 1.7 11.6 2.1 2.6 
9 Acetol 6.9 1.1 1.4 9.0 3.1 2.4 
10 Unidentified 1 (mol. wt. 98) 0.3 0.5 0.3 0.2 0.4 0.4 
11 2-furaldehyde 1.0 2.2 0.8 0.9 2.8 1.0 
12 2-furan metanol 0.3 0.3 0.3 0.3 0.5 0.4 
13 Unidentified 2 (mol. wt. 96) 0.2 0.1 0.1 0.2 0.2 0.2 
14 3-furan methanol 0.8 0.4 0.5 1.0 0.7 0.7 
15 Unidentified 3 (mol. wt. 96) 0.3 0.2 0.2 0.3 0.3 0.2 
16 5-methyl furfural  0.1 0.7 0.1 0.1 0.4 0.2 
17 Unidentified 4 (mol. wt. 110) 0.3 0.1 0.1 0.3 0.2 0.2 
18 Dianhydroxylopyranose 1* 0.8 1.3 0.4 0.3 1.5 0.9 
19 2-Hydroxy-3-methyl-2-cyclopenten-1-one 0.4 0.2 0.2 0.6 0.2 0.3 
20 Phenol 0.4 0.3 0.5 0.6 0.6 0.8 
21 2-methoxy phenol 0.4 0.3 0.3 0.4 0.4 0.5 
                                                 
All numbers are weight% of the sample pyrolyzed. 
*not confirmed by pure standards. 
1
Switchrass, 
2Prefix ‗AW‘ – acid washed,  
3Prefix ‗AWT‘ – acid washed and torrified, 4Cornstover. 
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Table 21. (Continued) 
Sr. No.  Compound SG AW SG AWT SG CS AW CS AWT CS 
22 2-methyl phenol 0 0 0.1 0.1 0.1 0.1 
23 4-methyl phenol 0.1 0.1 0.2 0.1 0.2 0.2 
24 2-methoxy-4-methyl phenol 0.2 0.3 0.2 0.2 0.3 0.3 
25 3,5-dimethyl phenol 0.3 0.1 0.1 0.4 0.2 0.1 
26 3-ethyl phenol 0.0 0.0 0.0 0.1 0.1 0.1 
27 4-ethyl-2-methoxy phenol  0.1 0.2 0.2 0.4 0.4 0.4 
28 1,4:3,6-dianhydro-alpha-d-glucopyranose* 0.3 0.4 0.4 0.3 0.3 0.5 
29 4-vinyl phenol 0.9 0.8 0.4 2.3 1.6 1.3 
30 2-methoxy-4-vinyl phenol 2.8 2.1 1.2 2.2 1.8 1.6 
31 Dianhydroxylopyranose 2* 0.0 0.0 0.0 0.0 0.0 0.0 
32 5-hydroxymethyl furfural 0.1 0.6 0.4 0.2 0.5 0.8 
33 2,6-dimethoxy phenol 0.1 0.1 0.2 0.6 0.3 0.3 
34 Other anhydro sugars* 0.3 1.6 1.1 0.2 0.9 1.3 
35 2-methoxy-4-(1-propenyl)-phenol (Euginol)  0.4 0.7 0.3 0.2 0.3 0.4 
36 4-methyl-2,6-dimethoxyphenol  0.1 0.1 0.1 0.1 0.1 0.2 
37 3,5-dimethoxy-4-hydroxy benzaldehyde 0.1 0.1 0.1 0.2 0.1 0.1 
38 4-allyl-2,6-dimethoxyphenol 0.1 0.1 0.1 0.1 0.1 0.1 
39 Levoglucosan 2.5 11.3 8.5 2.7 7.7 10.5 
40 2,6-dimethoxy-4-(2-propenyl)-phenol 0.0 0.0 0.0 0.0 0.0 0.0 
41 4-allyl-2,5-dimethoxyphenol* 0.0 0.1 0.0 0.0 0.0 0.0 
42 3‘,5‘-dimethoxy-4‘-hydroxy acetophenone 0.0 0.0 0.0 0.1 0.0 0.1 
43 Sinapyl alcohol  0.3 0.8 0.6 0.4 0.5 0.9 
44 Unidentified 5 (mol. wt. 280) 0.1 0.1 0.1 0.0 0.0 0.0 
 
Subtotal 2 31.1 30.8 22.4 38.2 30.2 31.4 
45 Char 21.5 24.6 19.4 20.4 17.6 25.9 
  Total 66.1 65.4 54.1 76.3 61.8 70.8 
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Table 22. Effect of pretreatments on the primary pyrolysis product distribution of Pine and Oak 
Sr. No.  Compound Pine AW1 Pine 
AWT
2
 
Pine 
Oak AW Oak AWT Oak 
1 CO 2.5 2.3 2.9 3.5 2.2 3.2 
2 CO2 8.9 5.8 6.5 8.8 6.2 6.9 
  Subtotal 1 11.4 8.1 9.4 12.3 8.4 10.1 
3 Acetaldehyde 0.6 0.5 0.6 0.5 0.5 0.6 
4 Formic acid/Acetone 0.4 0.3 0.3 0.4 0.4 0.4 
5 Furan 0.0 0.1 0.1 0.0 0.1 0.1 
6 Acetone 0.1 0.1 0.1 0.1 0.1 0.1 
7 2-methyl furan 1.0 0.7 0.8 0.9 0.5 0.7 
8 Acetic acid 6.1 2.8 2.1 18.9 9.8 3.9 
9 Acetol 5.5 0.9 1.6 5.2 1.1 1.5 
10 Unidentified 1 (mol. wt. 98) 0.3 0.4 0.3 0.3 0.4 0.4 
11 2-furaldehyde 0.7 1.2 0.7 0.9 1.4 0.9 
12 2-furan metanol 0.2 0.2 0.2 0.3 0.2 0.3 
13 Unidentified 2 (mol. wt. 96) 0.1 0.1 0.1 0.2 0.1 0.1 
14 3-furan methanol 0.8 0.3 0.4 0.8 0.3 0.5 
15 Unidentified 3 (mol. wt. 96) 0.3 0.1 0.2 0.3 0.3 0.2 
16 5-methyl furfural  0.1 0.2 0.1 0.2 0.5 0.3 
17 Unidentified 4 (mol. wt. 110) 0.3 0.1 0.1 0.3 0.1 0.1 
18 Dianhydroxylopyranose 1* 0.7 0.7 0.6 1.0 1.0 0.8 
19 2-Hydroxy-3-methyl-2-cyclopenten-1-one 0.4 0.2 0.3 0.4 0.2 0.2 
20 Phenol 0.3 0.2 0.3 0.1 0.1 0.1 
21 2-methoxy phenol 0.7 0.4 0.6 0.3 0.3 0.4 
 
                                                 
1Prefix ‗AW‘ – Acid washed 
2
 Prefix ‗AWT‘ – Acid washed and torrified 
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Table 22. (Continued) 
Sr. No.  Compound Pine AWa Pine 
AWT
b
 
Pine 
Oak AW Oak AWT Oak 
22 2-methyl phenol 0.1 0.0 0.1 0.0 0.0 0.0 
23 4-methyl phenol 0.2 0.2 0.2 0.0 0.0 0.0 
24 2-methoxy-4-methyl phenol 0.8 1.0 0.9 0.3 0.3 0.3 
25 3,5-dimethyl phenol 0.2 0.2 0.1 0.2 0.0 0.1 
26 3-ethyl phenol 0.0 0.0 0.1 0.0 0.0 0.0 
27 4-ethyl-2-methoxy phenol  0.7 0.4 0.6 0.3 0.3 0.3 
28 1,4:3,6-dianhydro-alpha-d-glucopyranose* 0.2 1.1 0.5 0.3 0.6 0.3 
29 4-vinyl phenol 0.3 0.5 0.4 0.4 0.0 0.2 
30 2-methoxy-4-vinyl phenol 2.0 0.3 0.3 0.2 1.1 0.2 
31 Dianhydroxylopyranose 2* 0.5 0.4 0.2 0.0 0.0 0.1 
32 5-hydroxymethyl furfural 0.3 0.9 0.6 0.3 0.5 0.9 
33 2,6-dimethoxy phenol 0.1 0.0 0.1 0.8 0.5 0.6 
34 Other anhydro sugars* 0.6 2.7 2.1 0.5 2.4 2.6 
35 2-methoxy-4-(1-propenyl)-phenol (Euginol)  0.8 0.7 0.5 0.4 0.9 1.3 
36 4-methyl-2,6-dimethoxyphenol  0.0 0.1 0.3 0.4 0.5 0.0 
37 3,5-dimethoxy-4-hydroxy benzaldehyde 0.1 0.1 0.1 0.6 0.4 0.3 
38 4-allyl-2,6-dimethoxyphenol*  0.1 0.2 0.2 0.2 0.2 0.2 
39 Levoglucosan 5.2 16.2 16.7 5.0 23.2 19.9 
40 2,6-dimethoxy-4-(2-propenyl)-phenol 0.0 0.0 0.0 0.6 0.0 0.0 
41 4-allyl-2,5-dimethoxyphenol* 0.1 0.2 0.0 0.1 0.2 0.1 
42 3‘,5‘-dimethoxy-4‘-hydroxy acetophenone 0.1 0.2 0.0 0.1 0.1 0.1 
43 Sinapyl alcohol 1.0 0.2 1.0 1.0 1.7 2.1 
44 Unidentified 5 (mol. wt. 280) 0.0 0.0 0.1 0.1 0.0 0.0 
 
Subtotal 2 31.9 35.2 34.6 43.2 50.3 41.4 
45 Char 17.7 19.5 25.3 15.5 10.9 16.7 
 
Total 61.0 62.8 69.3 71.0 69.6 68.2 
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compounds compared to hemicellulose. Torrified samples resulted in lower yields of furan 
ring derivative compounds (especially 2-furaldehyde and 5-hydroxymethyl furfural) 
presumably due to the decomposition of hemicellulose, which is the major precursor of these 
compounds. No significant effect of torrefaction on the yield of phenolic compounds was 
observed. This result could be attributed to the lower temperature of torrefaction employed in 
the study, which did not result in the decomposition of lignin fraction of biomass.  
Conclusions 
In the present study, two biomass pre-treatment methods – dilute acid washing and 
torrefaction were evaluated for their effect on the biomass composition and the resulting 
pyrolysis product distribution. It was found that minerals could be effectively removed from 
biomass using dilute (~0.1 N) mineral acid solutions and small amount of residence time (~ 
15 minutes) at room temperature. The residence time of biomass did not show further 
increase in the efficiency of demineralization. Organic acids such as formic acid and acetic 
acid were not as effective as mineral acids, due to their lower dissociation. It was found that 
minerals present in biomass had a strong impact on the formation of low molecular weight 
compounds compared to that of hemicellulose. Specifically, minerals catalyzed the 
decomposition of cellulose and hemicellulose resulting in the increased formation of low 
molecular weight compounds and decrease in the yield of anhydro sugars and furan ring 
derivatives. Acid washing as well as torrefaction did not show significant impact on the 
lignin degradation.    
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